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P R E F A C E  

T h i s  r e p o r t  w a s  prepared by Beech A i r c r a f t  Corporat ion,  Boulder Divis ion,  
Boulder,  Colorado, under Contract NAS9-12105, Hydrogen Thermal T e s t  
Article (RTTA), from t h e  Manned Spacecraf t  Center ,  Houston, Texas. 

The t a s k s  which were accomplished during t h e  a n a l y t i c  study po r t ion  of 
t h i s  program are:  
s y s t e m s  f o r  a double-walled l i q u i d  hydrogen s t o r a g e  v e s s e l  b o t h  f o r  
t h e  requirements of t h e  Space S h u t t l e  O r b i t a l  Maneuvering System ( 7 -  
day mission) and of an extended mission (180-days) ;  and (2) development 
of an a n a l y t i c  t echn ique  t o  be used f o r  p r e d i c t i n g  performance charac- 
t e r i s t i c s  of the i n s u l a t i o n  conf igu ra t ion  selected f o r  f a b r i c a t i o n .  
The i n s t a l l e d  i n s u l a t i o n  sys t em w i l l  be s e l e c t e d  on t h e  bas i s  of 180- 
day mission requirements.  
and t h e  recommended i n s u l a t i o n  sys tems fo r  t h e  t w o  missions a r e  desc r ibed  
i n  t h i s  report. 
f i g u r a t i o n s  are presented.  

(1) s e l e c t i o n  of thermally optimized i n s u l a t i o n  

The approaches used i n  performing t h i s  study 

Thermal performance e s t i m a t e s  fo r  t h e  recommended con- 

90.33 364 
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N O M E N C L A T U R E  

SYMBOLS: 

2 
A Area ( f t  ) 

cP 

H 

- 
N 

S p e c i f i c  hea t  (Btujlb-OR) 

Enthalpy (Btu/lb) 

0 
Thermal conduct iv i ty  (Btu/ft-hr- R) 

Conductance (Btu/OR), Q = KAT 

Conduction length  ( f t )  

Boi lof  f r a t e  ( lb /hr )  

Number of mul t i l aye r  i n s u l a t i o n  layers 

Number of mul t i l aye r  i n s u l a t i o n  l a y e r s  per inch  

Heat f l u x  (Btu/f t  -hr )  
2 

Q Heat t r a n s f e r  r a t e  (Btu/hr) 

0 T Temperature ( R) 
4 4  E f f e c t i v e  mul t i l aye r  blanket  emit tance,  q = 0-c (TH - TC 1 e f f  

T o t a l  e f f e c t i v e  mul t i l aye r  emi t tance  from o u t e r  s h e l l  t o  
p re s su re  ves se l  T 

fc 

1 
i 

Surf  ace  emit tance of aluminized mylar a t  540°R 

Sur face  emit tance of goldized mylar a t  540°R 

Sur face  emit tance of s i l v e r i z e d  mylar a t  540 R 

E f f e c t i v e  mul t i layer  blanket emi t tance  between o u t e r  s h e l l  
and vapor-cooled s h i e l d  

TRA c 
CTRG 

6 
0 c 

TRS 

1 

I 

E f f e c t i v e  mul t i l aye r  blanket  emi t tance  between vapor-coaled I 

s h i e l d  and pressure  ves se l  2 
e 

, 

V 
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SYMBOL 

e 

CT 

SUBSCRIPTS 

BS 

C 

H 

L 

os 

Pv 

Heat inpu t  required t o  expel a u n i t  mass of f l u i d  from 
t h e  p re s su re  ves se l  (Btu/lb) 

-9 
Stephan-Boltzmann cons t an t ,  1.714 x 10 (Btu/ft2-hr-OR4) 

B o i l e r  s h i e l d  

Cold boundary 

Hot boundary 

Liquid vented from pressure ves se l  

Outer s h e l l  

P r e s s u r e  v e s s e l  

R Rad i a t  i o n  

v 

vcs Vapor-cooled s h i e l d  

1 Between o u t e r  s h e l l  and vapor-cooled s h i e l d  

2 Between vapor-cooled s h i e l d  and p r e s s u r e  v e s s e l  

Vapor o r  vapor vented from p res su re  v e s s e l  

ABBREVIATIONS 

DAM Double-aluminized mylar 

DSM Double-s i lver ized mylar 

MLI Mul t i l aye r  i n s u l a t i o n  

PV P r e s s u r e  v e s s e l  

vcs Vapor-cooled s h i e l d  

v i  . 
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1 . 0  INTRODUCTION 

The g o a l s  of t h i s  s tudy program a r e :  
mized i n s u l a t i o n  s y s t e m s  f o r  a double-walled hydrogen s to rage  vessel 
commensurate w i t h  the requirements of t h e  Space S h u t t l e  O r b i t a l  Maneuver- 
i n g  System (7-day mission)  and of an extended (180-day) mission, 
(2) development of an  a n a l y t i c  technique t o  a i d  i n  eva lua t ing  candida te  
i n s u l a t i o n  systems and t o  pred ic t  performance c h a r a c t e r i s t i c s  f o r  t h e  
s e l e c t e d  conf igu ra t ions ,  and (3)  enumeration of a r e a s  which merit f u r -  
t he r  i n v e s t i g a t i o n .  

(1)  s e l e c t i o n  of thermal ly  o p t i -  

97 The t e r m  i n s u l a t i o n  systemlt as  used here  inc ludes  i n s u l a t i o n  m a t e r i a l s  
( e . g . ,  pass ive  r a d i a t i o n  b a r r i e r s  and s p a c e r s ) ,  a c t i v e  i n s u l a t i o n  com- 
ponents  ( e . g . ,  vapor-cooling s y s t e m ) ,  phase-separat ing devices  ( e . g . ,  
d e v i c e s  such a s  a r e t e n t i o n  screen i n t e r n a l  t o  t h e  pressure  vesse l  which 
w i l l  prevent l i q u i d  being vented from the  pressure vesse l  during 
cons tan t -pressure ,  zero-g s to rage ) ,  and s t r u c t u r a l  suppor t .  e lements  
which c o n t r i b u t e  t o  t h e  hea t  leak.  

A t he rma l ly  optimized system is one which provides  s to rage  and d e l i v e r y  
c a p a b i l i t y  w i t h  minimum weight penal ty ,  c o s t  and maintenance, and w i t h  
maximum r e l i a b i l i t y ,  s a f e t y ,  d u r a b i l i t y ,  and p r e d i c t a b i l i t y .  A l l  
e lements  of t h e  i n s u l a t i o n  sys t em,  except phase sepa ra t ing  devices ,  
must be  vacuum compatible.  Phase sepa ra t ing  devices  need not be vacuum 
compat ib le  because they  a r e  contained i n s i d e  t h e  p re s su re  vessel .  

I n  determining t h e  weight penal ty  f o r  a g iven  conf igu ra t ion ,  both t h e  
t o t a l  f l u i d  b o i l o f f  and t h e  i n s u l a t i o n  sys t em weights  must be considered.  
For  t h i s  s tudy,  i t  is  assumed t h a t  f l u i d  b o i l o f f  i s  vented overboard and 
not  used f o r  cool ing  any o the r  equipment. A conf igu ra t ion  whic'h i s  weight 
op t imized  f o r  7-day cons tan t  pressure s to rage  w i l l  very l i k e l y  not be 
weight  optimized f o r  180-day s to rage ,  

program goa l s  were accomplished through t h e  fol lowing s t eps :  

d e f i n i t i o n  of thermal performance and ope ra t iona l  requirements  
f o r  t h e  two missions,  

s e l e c t i o n  of seve ra l  i n s u l a t i o n  s y s t e m  con€ igura t ions  w h i c h  
bes t  meet t h e  thermal performance and ope ra t ion  requirements,  

d e f i n i t i o n  of des ign  s e l e c t i o n  c r i t e r i a  t o  use i n  s e l e c t i n g  
t h e  bes t  - su i t ed  i n s u l a t  ion mater ia l  s , 

s e l e c t i o n  of i n s u l a t i o n  m a t e r i a l s  commensurate with t h e s e  
c r i t e r i a ,  

1 
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f l a t  p l a t e  performance t e s t i n g  of s e l e c t e d  m u l t i l a y e r  i n s u l a t i o n  
ma te r i a  1 s , 

performance of thermal analyses  r equ i r ed  t o  determine which 
c o n f i g u r a t i o n s  provide l e a s t  weight penal ty  f o r  each of t h e  
two missions,  

Sevelopment of an a n a l y t i c  technique t o  make a c c u r a t e  thermal 
performance p r e d i c t i o n s  for t h e  s e l e c t e d  c o n f i g u r a t i o n s  durilig 
a l l  modes of operat ion,with f l a t  p l a t e  m u l t i l a y e r  i n s u l a t i o n  
performance tes t  r e s u l t s  and oxygen thermal t e s t  a r t i c l e ,  W A  
(Reference 1 )  performance tes t  r e s u l t s  used t o  improve e s t i m a t e s  
of m u l t i l a y e r  i n s u l a t i o n  Performance f o r  t h e s e  f i n a l  performance 
p r e d i c t i o n s ,  and 

a n a l y t i c  e s t i m a t e s  of t h e  e f f e c t s  of s t o r a g e  p res su re  and u l l a g e  
s ize  upon thermal performance c h a r a c t e r i s t i c s .  

T h i s  r e p o r t  d e s c r i b e s  t h e  approaches used t o  accomplish t h e  i n d i v i d u a l  
t a s k s  l i s t e d  above. R e s u l t s  of t h e s e  study t a s k s ,  recommended i n s u l a t i o n  
systems f o r  both t h e  7-day mission and 180-day mission, and p red ic t ed  
performance c h a r a c t e r i s t i c s  f o r  t h e  recommended systems a r e  contained 
i n  t h i s  r e p o r t .  

A r e a s  which merit a d d i t i o n a l  i n v e s t i g a t i o n  and a n a l y s i s  ar.e discussed.  

2 .0  SELECTION OF INSULATION SYSTEM MATERIALS AND CANDIDATE CONFIGURATIONS 

2 .1  L i t e r a t u r e  Surveys 

Surveys of t h e  l i t e r a t u r e  were performed i n  t h r e e  a r e a s  a s  descr ibed 
i n  t h i s  s e c t i o n .  

2.1.1 Mul t i l aye r  I n s u l a t i o n  S t u d i e s  

Beech ' s  knowledge of mult i layer  i n s u l a t i o n  sys t ems  i s  t h e  r e s u l t  o f .  
expe r i ence  over a per iod of 10 years  i n  designing and applying such 
systems t o  cryogenic tankage. 
of improvements and new developments i n  m u l t i l a y e r  i n s u l a t i o n  sys t ems  
which were presented i n  t h e  l i t e r a t u r e .  

During t h i s  t i m e ,  Beech has kept ab reas t  

Most c u r r e n t  e f f o r t s  concerning mul t i l aye r  i n s u l a t i o n  a r e  d i r e c t e d  
toward improving estimates of m u l t i l a y e r  i n s u l a t i o n  performance a s  

, 

2 
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3 

i n s t a l l e d  on tankage; Reference 2 r e p o r t s  the  most recent and most 
a p p l i c a b l e  s tudy  of t h i s  type .  
i n v e s t i g a t e d  i n  t h i s  study: 

Four mul t i l aye r  i n s u l a t i o n  systems were 

(1) double-aluminized 1/4-mil mylar w i t h  double ' s i l k  ne t  s p a c e r s ;  

(2)  double-goldized 1 / 4 - m i l  m y l a r  w i t h  double s i l k  n e t  s p a c e r s ;  

(3) c r i n k l e d ,  single-aluminized i/4-mii m y l a r ;  and 

(4) double-aluminized m y l a r  with t i s s u g l a s  space r s .  

Based on experimental  d a t a  reported i n  Reference 2 ,  c o r r e l a t i o n s  were 
c o n s t r u c t e d  t o  compute hea t  f l u x  through these f o u r  m u l t i l a y e r  i n s u l a t i o n  
systems. 
s u p e r i o r  on a performance-to-weight b a s i s .  

The system wi th  goldized mylar was found t o  b e  s i g n i f i c a n t l y  

The su r face  r e f l e c t a n c e  of s i l v e r i z e d  mylar i s  approximately 8% lower than  
t h a t  of go ld ized  mylar throughout t h e  temperature  range of i n t e r e s t .  
i s  consequently assumed t h a t  t he  reported performance c o r r e l a t i o n  f o r  
go ld ized  mylar can a l s o  be used f o r  s i l v e r i z e d  mylar w i t h  t h e  a p p l i c a t i o n  
of an  8% r educ t ion  f a c t o r ,  . 

It 

The only new development i n  mult i layer  i n s u l a t i o n  m a t e r i a l s  is the coli- 
t i n u e d  improvement of Superf loc as reported i n  Reference 3 .  While 
S u p e r f l o c  appears  very a t t r a c t i v e  on a performance-to-weight b a s i s ,  i t  
i s  p r e s e n t l y  unava i l ab le  on a l a r g e  scale production b a s i s  and r e q u i r e s  
f u r t h e r  development i n  l ayup  techniques. These conc lus ions  are  t h e  
resu l t  of r e c e n t  n e g o t i a t i o n s  between Beech and t h e  Convair  D i v i s i o n  
of General Dynamics, which i s  one of s e v e r a l  companies developing Supcr- 
f l o c .  

R e l a t i v e  advantages and disadvantages o f  various m u l t i l a y e r  i n s u l a t i o n  
m a t e r i a l s  a r e  dPscussed i n  more d e t a i l  i n  Sec t ion  2 . 3 .  

2.1.2 S h u t t l e  S tud ie s  

A review of t h e  S h u t t l e  O r b i t e r  Study r e p o r t s  g i v e s  an  o v e r a l l  view of 
some ConsideratiQns f o r  t h e  s e l e c t i o n  of an i n s u l a t i o n  s y s t e m  f o r  t h e  
HTTA . 
The hydrogen t ank  i n s u l a t i o n  system b a s e l i n e  c o n f i g u r a t i o n  was r epor t ed  
i n  t h e  s h u t t l e  s t u d i e s ,  (Reference 4).  A f l e x i b l e  purge bag and 50 
l a y e r s  of double-goldized mul t i l aye r  i n s u l a t i o n  had been s e l e c t e d .  

3 
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However, t h e  r e c e n t  s t u d i e s  dea l ing  with a cryogenic  o r b i t a l  maneuvering 
p ropu l s ion  system have ind ica t ed  t h a t  purge requirements and weight were 
s u f f i c i e n t l y  h ighe r  t han  previously p r e d i c t e d  t o  warrant c o n s i d e r a t i o n  
of a dewar-type s t o r a g e  s y s t e m  from a weight op t imiza t ion  s t andpo in t .  

I n  Reference 4 s e v e r a l  thermodynamic ven t ing  c o n f i g u r a t i o n s  were con- 
s i d e r e d  wherein t h e  r e f r i g e r a t i o n  a v a i l a b l e  i n  t h e  vented f l u i d  was 
U L I I I ~ ~ ~  bv ;..,ercept par t  of t h e  heat  l e a k  t o  t h e  s to rage  v e s s e l .  
ven t ing  c o n f i g u r a t i o n s  cons i s t ed  of an expansion valve i n s i d e  t h e  p res -  
s u r e  v e s s e l  w i th  e i t h e r  a b o i l e r  s h i e l d  e x t e r n a l  t o  t h e  p r e s s u r e  vessel 
or  one of two types  of hea t  exchanger i n s i d e  t h e  pressure vessel. 

. . L 2 * 2 - - A  ,-+ These 

Other  prime c o n t r a c t o r s  have ind ica t ed  s i m i l a r  b a s e l i n e  c o n f i g u r a t i o n s  
without  s p e c i f i c a l l y  i d e n t i f y i n g  t h e  a c t u a l  i n s u l a t i o n  components. 

2 . 1 . 3  S h u t t l e  Cryogenic Supply System Optimization Study 
I 

The t a s k  r e p o r t s  (Reference 5) f o r  t h e  cryogenic  op t imiza t ion  study con- 
t a i n  d e t a i l e d  information on seve ra l  mul t i layer  i n s u l a t i o n  composites;  
however, t h i s  information does not provide an i n s i g h t  t o  t h e  i n s u l a t i o n  
o p t i m i z a t i o n  s i n c e  t h e  o v e r a l l  system e f f e c t s  a r e  not included.  

From Reference 5 t h e  s e l e c t e d  i n s u l a t i o n  c o n f i g u r a t i o n  f o r  a cryogenic  
o r b i t a l  manuevering propulsion system hydrogen t ank  i s  two inches (approxi-  
mately 40 l a y e r s )  of Superf loc without vapor cool ing s h i e l d s .  Although 
t h i s  is  not an optimized i n s u l a t i o n  sys t em f o r  a s i n g l e  t ank  s i t u a t i o n ,  
i t  is  a near  optimum conf igu ra t ion  f o r  t h e  o v e r a l l  s y s t e m .  An i n s u l a -  ' 

t i o n  o p t i m i z a t i o n  a n a l y s i s  with c o n s i d e r a t i o n  of t h e  o v e r a l l  s y s t e m  i s  
a m u l t i p l e  parameter problem r e q u i r i n g  many assumptions and cons ide ra t ion !  
o f  f a c t o r s  such a s  requirements f o r  coo l ing  f l u i d  t o  pumps, t r a n s f e r  
l i n e s ,  o r i e n t a t i o n  devices,  and o t h e r  s t o r a g e  v e s s e l s .  S e l e c t i o n  of 
t h e  hydrogen t ank  i n s u l a t i o n  s y s t e m  which i s  optimized with r e spec t  
t o  o v e r a l l  s y s t e m  requirements i s  consequently t ed ious  and d i f f i c u l t .  
O v e r a l l  sys tem requirements w i l l  not be considered i n  'determining t h e  
optimum i n s u l a t i o n  s y s t e m  fo r  t h i s  tes t  a r t i c l e .  

2 . 2  Design C r i t e r i a  

Thermal performance and ope ra t iona l  requirements and environmental 
c o n d i t i o n s  determine t h e  optimum i n s u l a t i o n  s y s t e m  and m a t e r i a l s  for 
a cryogenic  s t o r a g e  sys tem.  The design c r i t e r i a  which were used t o  
select  t h e  optimum i n s u l a t i o n  system f o r  t h e  HTTA a r e  l i s t e d  i n  the  
f o l l o w i n g  two s e c t i o n s  f o r  t h e  7-day and 180-day missions. 
d i r e c t e d  by c o n t r a c t  change lS, t h e  180-day mission has been s e l e c t e d  
as t h e  b a s i s  fo r  designing t h e  i n s u l a t i o n  sys t em of t h e  test a r t i c l e .  

A s  
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2.2.1 7-Day Mission Design C r i t e r i a  

Mission: 7-day s to rage  with 30-day f l i g h t  exposure, 100 missions,  s h o r t  
ground t i m e .  

F l u i d :  Liquid hydrogen, i t  i s  assumed tha t  approximately ha l f  t h e  f l u i d  
is  used immediately a f t e r  o r b i t  i n s e r t i o n  for i n i t i a l  o r b i t a l  maneuvers 
( s e e  Figure 1). 

3 FV Volume: 800 ft ( c y l i n d r i c a l  shape).  

S to rage  Pressure :  15 t o  50 psia  ( c o n s t a n t ) .  

LH Del ivery  Kate: 8 lb/sec ( 2  t o  4 p s i  subcooled) .  
- 2  

0 Environment: Zero-g, ex te rna l  temperature  of 600 R .  

Loads ( F u l l  Tank): 3 . 3  g v e r t i c a l ,  1.0 g h o r i z o n t a l .  

Annular Vacuum: 1 x IO torr o r  less. -5 

2.2.2 180-Day Mission Design C r i t e r i a  

Mission: 180-day s to rage ,  one mission. 

F l u i d :  Liquid hydrogen, maximum f l u i d  r e t e n t i o n  for 180 days. 

PV Volume: 800 f t  ( c y l i n d r i c a l  shape).  3 

Sto rage  Pressure :  15 t o  50 ps ia  ( cons t an t ) .  

LH Delivery Rate: 8 lb / sec  (2 t o  4 p s i  subcooled).  
- 2  

Environment: Zero-g, ex terna l  temperature  of 540 R. 0 

Loads ( F u l l  Tank): 3 . 3  g v e r t i c a l ,  1 . 0  g hor i zon ta l .  

Annular Vacuum: 1 x 10 t o r r  o r  less. -5 

2 .3  Mul t i layer  Insu la t ion  S e l e c t i o n  

Because of t h e  r e l a t i v e l y  l a rge  r a t i o  of su r face  a rea  t o  s t o r e d  f l u i d  
weight ,  over  90% of t h e  hea t  l eak  t o  t h i s  tank w i l l  be by r a d i a t i o n  
when a thermal ly  optimized pressure ves se l  support  system i s  emp1oyer.l. 
B a s e d  o,n Beech experience and information i n  t h e  l i t e r a t u r e ,  a m u l t i -  
l a y e r  i n s u l a t i o n  i s  much more e f f e c t i v e  than  any o t h e r  t ype  of i n su la -  
t i o n  on a performance-to-weight o a s i s  f o r  p ro tec t ion  aga ins t  r a d i a t i o n .  

5 
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Other  t y p e s  of i n s u l a t i o n  have consequently been e l imina ted  from f u r t h e r  
c o n s i d e r a t i o n  i n  t h i s  study. 

A comparative e v a l u a t i o n  technique (desc r ibed  i n  Reference 6) was used 
t o  select t h e  m u l t i l a y e r  i n s u l a t i o n  m a t e r i a l s  which a r e  b e s t  s u i t e d  f o r  
each of t h e  two missions being considered i n  t h i s  s tudy.  
exp lana t ion  of t h i s  technique fol lows.  A more comprehensive d i s c u s s i o n  
is con ta ined  i n  Reference 6 .  

A b r i e f  

Based on t h e  des ign  requirements given i n  S e c t i o n s  2 .2 .1  and 2 . 2 . 2 ,  
des ign  s e l e c t i o n  c r i t e r i a  were chosen f o r  t h e  purpose of e v a l u a t i n g  
cand ida te  m u l t i l a y e r  i n s u l a t i o n  ma te r i a l s .  These c r i t e r i a  r e p r e s e n t  
t h e  f a c t o r s  which must be considered i n  s e l e c t i n g  t h e  most s u i t a b l e  
i n s u l a t i o n  m a t e r i a l s  f o r  spacec ra f t  cryogenic  tankage. These des ign  
s e l e c t i o n  c r i t e r i a  a r e  l i s t e d  below, 

Thermal Performance 
Weight 
S u s c e p t i b i l i t y  t o  a l l  Environments 
R e l i a b i l i t y  
D u r a b i l i t y  and Useful L i f e  
Required Maintenance 
P r e d i c t a b i l i t y  of Thermal Performance 
Required Development 
M a t e r i a l s  A v a i l a b i l i t y  
Cost ( i n s t a l l e d )  
Ground Hold Requirements 

These d e s i g n  s e l e c t i o n  c r i t e r i a  a r e  ass igned weighting f a c t o r s  (from 
1 t o  10) which r e f l e c t  t h e i r  r e l a t i v e  importance f o r  a given set of 
mission and performance requirements. The most important c r i t e r i a  a r e  
g iven  weighting f a c t o r s  of 10. 
t i v e l y  chosen on t h e  b a s i s  of Beech experience and information con- 
t a i n e d  i n  t h e  l i t e r a t u r e  (Reference 6 i n  p a r t i c u l a r ) .  

These weighting f a c t o r s  were q u a l i t a -  

Candidates  a r e  evaluated by l i s t i n g  them i n  o rde r  of d e s i r a b i l i t y  
(1 f o r  most d e s i r a b l e )  f o r  each of t h e  s e l e c t i o n  c r i t e r i a .  Rankings 
a r e  based on knowledge acquired from Beech experience and from t h e  
l i t e r a t u r e .  A t o t a l  s c o r e  for  each cand ida te  is  obtained by summing 
t h e  p roduc t s  of weighting f a c t o r s  and rank assignments. 
w i th  lowest t o t a l  s co re  is  judged bes t .  

The cand ida te  

Many t y p e s  of mul t i l aye r  i n s u l a t i o n  m a t e r i a l s  a r e  a v a i l a b l e  and capab le  
of providing adequate thermal p r o t e c t i o n  f o r  t h i s  tank. 
most a t t r a c t i v e  mul t i l aye r  i n s u l a t i o n  s y s t e m s  were chosen and eva lua ted  
by t h e  method desc r ibed  above. R e s u l t s  of t h i s  eva lua t ion  a r e  shown i n  
Tab les  I and I1 f o r  t h e  7-day mission and 180-day mission, r e s p e c t i v e l y .  

Eight  of t h e  
’ 
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TABLE I 

MULTILAYER INSULATION EVALUATION W T R I X  FOR 7-DAY MISSION 

SUSCEPTIBILITY TO 
ALL ENVIRONMENTS 

6 

- 
3 

4 6 5 

2 8 1 .  

8 4 5 

1 

5 6 - 
2 

7 4 

2 

WEIGHl' 

DURABILITY AND 
, USEFUL L I F E  

6 

- 
2 

- 
7 

10 

- 
9 - 
8 

7 

a 
- 

ALL CANDIDATES CONSIDERED CAPABLE OF REQUIRED 
PERFORMANCE, WITH NECESSARY NUMBER, OF LAYERS THERMAL PERFORMANCE 

RELIABILITY 

REQUIRED 
MAINTENANCE 

PREDICTABILITY OF 
THERMAL PERFORMANCE 

COST - INSTALIZD 

GROUND HOLD 
REQUIREb¶ENTS 

ALL CANDIDATES EQUAL 

ALL CANDIDATES EQUAL 5 

8 - 
8 

ALL CANDIDATES DEVEIOPED REQUIRED DEVEIOPMENT 

MATERIALS 
AVAILABILITY 

T O T A L  

P L A C E  

NOTES: 1. Superfloc Information i s  l imi ted  f o r  outgassing,  a v a i l a b i l i t y ,  and 

2 .  Where r a t i n g s  were equal, average p o s i t i o n  value was used. 

' 

cost data.  
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TABLE I1 

MULTILAYER INSULATION EVALUATION MATRIX FOR 180-DAY MISS ION 

I 

S US CE PI' I B  I LITY TO 
ALL ENVIRONMENTS I / 

8 8 2 

7 

I RELIABILITY 5.5 2.: 2.'5 I 7 .  8 

II 
\TES CONSIDERED CAPABLE AL I IRED 

THERMAL PERFORMANCE I I PERFORMANCE, WITH NECESSARY NUMBER OF IAYERS 

~ 

DURABILITY AND I USEFUL L I F E  
ALL CANDIDATES EQUAL ' 1 -  

REQUIRED I MAINTENANCE 

PREDICTABILITY OF 
THERMAL PERFORMANCE I 

I COST - INSTALLED 

ALL CANDIDATES EQUAL -r GROUND HOLD 
REQUIREMENTS I 

~ 

ALL CANDIDATES DEVEUIPED 

MATERIAIS AVAILABILIT 5 

NOTES: 1. Superfloc information is l i m i t e d  fo r  outgassing, a v a i l a b i l i t y ,  a n d  
cost data.  

2'. Where rati t igs were e q u a l ,  a v e r a g e  p o s i t i o n  v a l u e  was y s e d .  

9 
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Mul t i l aye r  i n su la t ion -  c o s t  and weight r a t i n g s  were basqd on t h e  number 
of l a y e r s  which were considered t o  provide approximately t h e  same amount 
of i n s u l a t i o n  for each candidate .  
which a f f e c t e d  t h e  eva lua t ions :  

L i s t ed  below a r e  some of t h e  f a c t o r s  

0.001-inch A 1  f o i l  is 5 times heavier  and more s u s c e p t i b l e  t o  
t e a r i n g  than  1/4-mil mylar. 

Net and foam space r s  provide t e a r  s t r e n g t h  t o  t h e  m u l t i l a y e r  
i n s u l a t i o n .  

Vacuum-deposited coa t ings  a r e  suscep t ib l e  t o  degrada t ion  due t o  
abras ion  and co r ros ion .  \ 

S i l v e r  coa t ings  a r e  less durable  than  gold o r  aluminum coa t ings .  

S i l v e r  coa t ings  pi*ovJde a su r face  emit tance s l i g h t l y  be t1  e r  than 
gold and almost tw ice  as  good as  aluminum. 

An i n s t a l l e d  system of goldized mylar c o s t s  approximately 5 times 
more than  aluminized o r  s i l v e r i z e d  mylar. Th i s  i s  based on 
es t imated  c o s t s  of ma te r i a l s ,  f a b r i c a t i o n ,  and i n s t a l l a t i o n  
f o r  the  iiumbers of l a y e r s  considered t o  g i v e  the same thermal 
performance i n  each case.  

Super f loc  i s  p resen t ly  unavai lab le  i n  t h e  r equ i r ed  q u a n t i t y  and 
r e q u i r e s  development i n  layup techniques.  

Polyurethane foam spacing mater ia l  was r a t e d  l o w  i n  u s e f u l  l i f e  
and m a i n t a i n a b i l i t y  because of poss ib l e  outgass ing  and degrada- 
t ion  a f t e r  prolonged vacuum exposure. 

Based on t h e  r e s u l t s  shown i n  Tables  I and 11, t h e  f o l l o w i n g  mul t i l aye r  
i n s u l a t i o n  ma te r i a l s  a r e  recommended: 

7-Day Mission: Double-aluminized 1 / 4 - m i l  m y l a r  w i t h  double 
s i l k  net spacer .  

18O-Day Mission: Double-silverized 1 / 4 - m i l  mylar  with double 
s i l k  net spacer.  

F l a t  p l a t e  insulation t e s t i n g  a t  Beech/'Boulder ( s e e  S e c t i o n  5.0 f o r  
d e s c r i p t i o n  and r e s u l t s  of t h  i s t e s t i n g )  , c u r r e n t l y  i n d i c a t e s  t h a t  
double-s i lk  net and single-n! Ion net a r e  equal ly  e f f e c t i v e  spacer  
m a t e r i a l s  a t  h igher  temperatui 'e l e v e l s  where r a d i a t i o n  i s  r e l a t i v e l y  
l a r g e  and conduct ion i n  the ! i : i l t i l ayer  i n s u l a t i o n  i s  i n s i g n i f i c a n t .  
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However, a t  lower temperature  l e v e l s  where conduct i on  becomes s i g n i -  
f i c a n t ,  t h e  doub le - s i lk  n e t  appears t o  provide s u p e r i o r  performance. 
Consequently, s i n c e  nylon ne t  is  cheaper than  doub le - s i lk  n e t ,  nylon 
n e t  could be used above t h e  vapor-cooled s h i e l d  and doub le - s i lk  ne t  
used below t h e  vapor-cooled s h i e l d  i n  o r d e r  t o  reduce c o s t .  

T e s t i n g  is c u r r e n t l y  i n  progress a t  Beech/Boulder t o  v e r i f y  t h e  vacuum 
c o m p a t i b i l i t y  of both nylon and s i l k  net. Previous experience w i t h  
t h e  Beech I n s u l a t i o n  Comparator i n d i c a t e s  t h a t  t h e r e  i s  no problem f o r  
either ma te r i a l .  

2 .4  Support S t r u c t u r e s  

The i n s u l a t i o n  system c o n t a i n s  two types of support  s t r u c t u r e s :  t h e  
p r e s s u r e  ves se l  support  system and t h e  s t r u c t u r a l  elements r equ i r ed  
t o  support  t h e  vapor-cooling s y s t e m .  

A thermally optimized support  s y s t e m  provides r e l i a b l e  support  w i t h  
minimum hindrance t o  t h e  i n s u l a t i o n  layup and performance and i s  vacuum 
compatible.  Based on t h e s e  c r i te r ia ,  a t e n s i o n  band p res su re  vessel 
suppor t  s y s t e m  us ing  filament-wound g l a s s  composite bands i s  recommended. 

Bands c o n s i s t i n g  of S/HTS g l a s s  f i lament  w i t h  R e s i n  No.. 2 ,  NASA Contract 
NASS-6287, have been used b y  Beech on previous cryogenic tankage and a r e  
proposed for t h e  HTTA. Current ly  a v a i l a b l e  information i n d i c a t e s  t h a t  
t h e s e  bands a r e  vacuum compatible when a vacuum baking process  i s  used 
p r i o r  t o  i n s t a l l a t i o n .  Tes t ing  i s  scheduled a t  Beech t o  v e r i f y  t h i s .  

These bands e x h i b i t  extremely high r a t i o s  of strength-to-weight and 
s t rength- to- thermal  conduc t iv i ty  (design stress = 200,000 p s i ,  
d e n s i t y  = 0.075 lb/ in3,  e f f e c t i v e  thermal conduc t iv i ty  between 40 and 
600°R = 0.17 Btu/ft-hr-OR). Because of t h e  small  r e q u i r e d  c ros s -  
s e c t i o n a l  a r e a s  of these bands, pene t r a t ion  s izes  and a s s o c i a t e d  
e f f e c t s  a r e  reduced. T h e  proposed pressure ves se l  support  s y s t e m  con- 
s ists  of 22 bands which a r e  each approximately 2 f e e t  long and 0.12 in2 
i n  c r o s s  s e c t i o n  

The vapor-cooled s h i e l d  and b o i l e r  s h i e l d  w i l l  be made of t h i n n e s t  
p r a c t i c a l  m a t e r i a l  i n  o r d e r  t o  minimize weight. These s h i e l d s  w i l l  be 
supported f r Q m  t h e  p r e s s u r e  vessel  with stand-off p ins  made of low 
the rma l  conduc t iv i ty  m a t e r i a l  (e.g. ,  nylon) with minimum cross-sec-  
t i o n a l  area design. It is a n t i c i p a t e d  t h a t  approximately f i f t y ,  
uniformly d i s t r i b u t e d  suppor t s  w i l l  be r equ i r ed .  

2.5 Candidate Vent System Configurat ions 

' Four vent c o n f i g u r a t i o n s  were chosen f o r  e v a l u a t i o n  i n  o r d e r  t o  

11 
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- 
determine which provides  least weight pena l ty  f o r  each o f  t h e  two 
missions;  t hey  are: 

(1) Vapor-cooled s h i e l d  only.  

(2) Vapor-cooled s h i e l d  w i t h  complete b o i l e r  sh i e ld .  

(3) Vapor-cooled s h i e l d  with b o i l e r  s h i e l d  on c y l i n d r i c a l  p o r t i o n  
of ves se l  only.  

( 4 )  N o  vapor cool ing  ( p h a s e  s e p a r a t i n g  device  requi red  t o  prevent  
l i q u i d  being vented from t h e  pressure  v e s s e l  dur ing  zero-g 
opera t  ion). 

I n  o r d e r  t o  determine t h e  weight penal ty  f o r  each conf igu ra t ion ,  t h e  
optimum number of both double-aluminized and doub le - s i l i ve r i zed  mylar 
r a d i a t i o n  b a r r i e r s  was computed f o r  t h e  two missions.  The weight 
p e n a l t y  is  taken as t h e  sum of t h e  bo i lo f f  weight dur ing  t h e  s t o r a g e  
p e r i o d  and t h e  weights of a l l  t h e  elements of t h e  i n s u l a t i o n  system. 

D e t a i l s  concerning t h e  analyses  and r e s u l t s  of t h i s  c o n f i g u r a t i o n  
t rade-of f  study are  given i n  Sec t ions  3.0 and 4 . 0 .  

3.0 ANALYTlC TECHTUQUES 

3.1 Desc r ip t ion  of Computer C a p a b i l i t i e s  

Most of t h e  " I T A  thermal  a n a l y s i s  and performance p red ic t ions  w e r e  
performed wi th  t h e  Thermal Analyzer Program (TAP) and Hydrogen 
P r o p e r t i e s  Program (PRHYD) which ope ra t e  o n  t h e  Beech IBM 360 Computer. 
TAP uses  a 
t r a n s i e n t  and s t eady- s t a t e  s o l u t i o n s  f o r  a wide v a r i e t y  of thermal 
problems involv ing  conduction, r a d i a t i o n ,  convection, and f l u i d  flow. 
Convergence of s t eady- s t a t e  s o l u t i o n s  i s  determined by t empera ture  
f l u c t u a t i o n s  between success ive  i t e r a t i o n s  and by an o v e r a l l  energy 
ba lance .  PRHYD computes hydrogen thermodynamic p r o p e r t i e s  and 
f u n c t i o n s  needed t o  compute f l u i d  expuls ion r a t e s  from t h e  p re s su re  
v e s s e l ,  and uses  a s impl i f i ed  thermal model t o  compute hea t  l e a k s  
and determine t i m e  h i s t o r i e s  o f  f l u i d  s to rage  condi t ions .  

11 lumped parameter" f i n i t e - d i f f e r e n c e  method t o  perform 

3.2 Thermal Network Models 

TAP was used t o  compute constant-pressure bo i lo f f  ra tes  f o r  t h e  t h r e e  
vapor-cooling conf igu ra t ions  which were considered i n  t h e  c o n f i g u r a t i o n  
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t r ade -o f f  s tudy.  
coo led  s h i e l d  and b o i l e r  s h i e l d  were considered t o  be i so the rma l  was 
used f o r  t h i s  purpose. 

A s impl i f i ed  thermal network model i n  which t h e  vapor- 

A more s o p h i s t i c a t e d  model was cons t ruc t ed  i n  o r d e r  t o  make performance 
p r e d i c t i o n s  f o r  t h e  f i na l  "ITA i n s u l a t i o n  conf igu ra t ion .  
r e v e a l e d  good agreement between t h e  r e s u l t s  obtained wi th  t h e  s i m p l i f i e d  
and more s o p h i s t i c a t e d  models. 

Spot checks 

I n  a l l  c a s e s  analyzed t h e  thermal c o n d u c t i v i t i e s  of t h e  p r e s s u r e  ves se l  
suppor t  bands and plumbing and t h e  s p e c i f i c  heat  o f  t h e  b o i l o f f  vapor 
were considered to be temperature dependent. 

D e t a i l e d  d e s c r i p t i o n s  of t h e s e  thermal models a r e  contained i n  t h e  
t w o  fol lowing s e c t i o n s :  

3.2.1 Thermal Models f o r  Configurat ion Trade-off Study 

The thermal  network models used t o  compute constant-pressure b o i l o f f  
r a t e s  f o r  t h e  c o n f i g u r a t i o n  t rade-off  s tudy a r e  shown below. 
vapor-cooling c o n f i g u r a t i o n s  are: 
(2) vapor-cooled s h i e l d  wi th  complete b o i l e r  s h i e l d ,  and (3) vapor- 
coo led  s h i e l d  with b o i l e r  s h i e l d  on c y l i n d r i c a l  p o r t i o n  of v e s s e l  only.  
I n  t h e  nodal networks below, R = r a d i a t i o n ,  K 1  = conduction through 
p r e s s u r e  v e s s e l  support  bands, K2 = conduction through f i l l  and vent 
lines, and K3 = conduction through t h e  vapor-cooled s h i e l d  (and b o i l e r  
s h i e l d )  suppor t s  t o  t h e  p re s su re  ves se l .  Because of t h e  s p a r s i t y  of 
p r e s s u r e  vessel  support  bands, t h e  vapor-cooled s h i e l d  and b o i l e r  
s h i e l d  may be supported with nylon s t r u t s  which a r e  a t t a c h e d  t o  t h e  
p r e s s u r e  v e s s e l .  

The t h r e e  
(1) vapor-cooled s h i e l d  only, 
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vent t ubes  a r e  

t h e r m a l l y  sho r t ed  t o  t h e  b o i l e r  s h i e l d  o r  t o  t h e  vapor-cooled s h i e l d  
so t h a t  du r ing  o p e r a t i o n  w i t h  l i q u i d  vent ing,  t h e  conduction heat  l eak  
i s  absorbed be fo re  i t  e n t e r s  t h e  pressure v e s s e l  by t h e  vented l i q u i d .  
F o r  c o n f i g u r a t i o n  (1) t h e  conduction members are shorted a t  l o c a t i o n s  
ha l fway  between t h e  o u t e r  s h e l l  and p res su re  ves se l  t o  t h e  vapor-cooled 
s h i e l d .  For c o n f i g u r a t i o n s  (2) and (3 )  t h e  support  bands a r e  sho r t ed  
t o  t h e  b o i l e r  s h i e l d  a t  l o c a t i o n s  three inches from t h e i r  attachment 
t o  t h e  p r e s s u r e  ves se l .  For  configuraticns !2) and ( 3 ) ;  t h e  fill and 
v e n t  t u b e s  a r e  shorted t o  t h e  boiler s h i e l d  a t  l o c a t i o n s  10 lpches and 
65 inches  from t h e i r  pene t r a t ion  i n t o  t h e  p re s su re  ves se l ,  r e s p e c t i v e l y .  

The temperature-dependent thermal c o n d u c t i v i t i e s  which were used f o r  
t h e  s t a i n l e s s  s tee l  tubes  and t h e  composite g l a s s  bands a r e  shown i n  
F i g u r e  2 .  
thermal  c o n d u c t i v i t i e s  f o r  s e c t i o n s  with one end f ixed a t  40, 540, and 
600°R and w i t h  t h e  temperature of t h e  o t h e r  end varying. These e f f e c -  
t i v e  thermal c o n d u c t i v i t i e s  were then used t o  compute t h e  heat conduc- 
t i o n  between t h e  pressure vesse l  and t h e  thermal s h o r t s  and between 
t h e  the rma l  s h o r t s  and t h e  ou te r  s h e l l ,  Curves of e f f e c t i v e  thermal 
c o n d u c t i v i t y  ve r sus  end temperature a r e  shown i n  F igu res  3 and 4 f o r  
st a i n k s s  steel and composite g l a s s  bands, r e spec t ive ly .  

Based on  t h e s e  curves, TAP was used t o  compute e f f e c t i v e  

Ceom&€~ic i n p u t s  t o  t h e  thermalmodels a r e  as  follows: 

Plumbing - two s t a i n l e s s  s t e e l  tubes,  2.5" O.D. x 0.028" wal l  x 
130" long.  

~- ~~ 

2 
P r e s s u r e  Vessel Support  Bands - filament-wound g l a s s ,  0.12 i n  cross-  
s e c t i o n a l  a r e a  (each band), 16 bands - 27" long, 6 bands - 18.6" long.  

Vapor-Coofe$ S h i e l d  Supports - nylon (thermal conduc t iv i ty  = 0.1 €%tu/ 
ft-hr-OR), 0.05 inn c ros s - sec t iona l  a r e a  (each support) ,  2.50" long 
(vapor-cooled s h i e l d  and b o i l e r  s h i e l d  a r e  both supported with same 
suppor t  st r u t s )  , t o t  a1 of f i f t y  supports:  

R a d i a t i o n  Areas: 
2 

506 f t 2  
502 f t 2  
488 f t 2  

Outer s h e l l  to vapor-cooled sh ie ld :  552 f t  
Vapor-cooled s h i e l d  t o  b o i l e r  s h i e l d :  
Vapor-cooled s h i e l d  to  pressure vessel: 
B o i l e r  s h i e l d  t o  p r e s s u r e  vessel: 

R a d i a t i o n  heat  t r a n s f e r  i n  t h e  thermal network model i s  computed by 
e- A(TH4 - Tc4). 3 b=e k f f y  fo r  t h i s  study. 

A l ' l  geometric view f a c t o r s  were considered 
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The r e l a t i o n s h i p s  between e f f e c t i v e  emit tance and number of m u l t i l a y e r  
i n s u l a t i o n  b a r r i e r s  were obtained from Equations (4.22) and (4.38) of 
Reference 2 f o r  t h i s  c o n f i g u r a t i o n  t rade-off  study (see S e c t i o n  4.2). 
Equat ion (4.22) i s  based on t e s t  d a t a  with double-aluminized mylar and 
d o u b l e - s i l k  ne t  space r ,  and Equation (4.38) i s  based on test d a t a  with 
double-goldized myla r  and double-s i lk  n e t  spacer .  I t  i s  assumed t h a t  
t h e  emi t t ance  c h a r a c t e r i s t i c s  of s i l v e r i z e d  and goldized mylar a r e  
s i m i l a r  enough t h a t  Equat ion (4.38) is  a p p l i c a b l e  €o r  t h i s  s tudy ( i . e . ,  
f o r  determining optimum number of m u l t i l a y e r  i n s u l a t i o n  b a r r i e r s  and 
a s s o c i a t e d  weight p e n a l t i e s ) .  

Equat ions (4.22) and (4.38) i nc lude  conduction terms which become signp- 
f i c a n t  f o r  l a y e r  d e n s i t i e s  of approximately 30 and 20 l a y e r s  per  inch 
f o r  double-aluminized mylar and double-s i lver ized mylar, r e s p e c t i v e l y .  
Fo r  determining l a y e r  d e n s i t i e s  t h e  b o i l e r  s h i e l d ,  vapor-cooled s h i e l d ,  
and o u t e r  s h e l l  were considered t o  be 0 .5 " ,  2.5", 
p r e s s u r e  v e s s e l ,  r e s p e c t i v e l y .  

and 6.5" from t h e  

Vapor c o o l i n g  is  accounted f o r  i n  t h e  thermal models a s  follows: 

V a p o r  Vented from Pres su re  Vessel:  

Conf igu ra t ion  1 - An amount of hea t  equal t o  k (H 
from t h e  vapor-cooled s h i e l d  node. 

- H ) i s  removed vcs PV 

C o n f i g u r a t i o n s  2 and 3 - An amount of hea t  equal t o  th (% 
removed from t h e  b o i l e r  s h i e l d  node, and an amount equal fo rh p$cs - 
fg,) is removed from t h e  vapor-cooled s h i e l d  node. 

- H 1 i s  

L iqu id  Vented from Pres su re  Vessel: 

Conf igu ra t ion  1 - An amount of heat equal t o  ( I-$cs - Hw + Hb) i s  
removed from t h e  vapor-cooled s h i e l d  node. 

- H  + H ) i s  V' Conf igu ra t ion  2 - An amount of heat equal t o  
removed from t h e  b o i l e r  s h i e l d  node, and an amou2C&ualp?o m 

(%CS BS 

( 

- H is  removed from t h e  vapor-cooled s h i e l d  node. 

Conf igu ra t ion  3 - For t h e  cond i t ions  analyzed, t h e  b o i l e r  s h i e l d  i s  
no t  i n t e r c e p t i n g  enough heat  l e a k  t o  vaporize a l l  t h e  l i q u i d  vented 
from t h e  p r e s s u r e  vessel, and t h e  b o i l e r  s h i e l d  node w i l l ,  consequently,  
b e  a t  l i q u i d  temperature.  An amount of heat  equal  t o  m ( 
- Qss i s  removed from t h e  vapor-cooled s h i e l d  node. 

i s  computed as Q / e  and Q / e  for vapor and l i q u i d  vented from t h e  
p r e s s u r e  vessel, respectivelyflV Fkr t h i s  study thermodynamic p r o p e r t i e s  
were based on a pres su re  of 17 psia .  F igu re  5 c o n t a i n s  curves  of 8 

)tcs - HpV + %' 

P v v  

V, 
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and €+ v e r s u s  p re s su re  f o r  s a t u r a t e d  l i q u i d  hydrogen. *L' 
For c o n f i g u r a t i o n  4,  boi l -off  r a t e  w a s  computed by: 

r 1 

where 

A = 
pres su re  v e s s e l  support bands combined. 

Ceff was computed with Equations (4.22) and (4.38) of Reference 2, 

533 ft2, and K i s  t h e  e f f e c t i v e  conductance f o r  t h e  plumbing and 

3 .2 .2  Thermal Model for F i n a l  Conf igu ra t ion  Perforniance 
P r e d i c t  ions 

A thermal network model which is more s o p h i s t i c a t e d  than those  desc r ibed  

-I_.__ 

i n  t h e  previous s e c t i o n  w i l l  be used t o  p r e d i c t  performance of t h e  chosen 
HTTA i n s u l a t i o n  conf igu ra t ion . '  The o u t e r  s h e l l  and p res su re  v e s s e l  w i l l  
s t i l l  be considered isothermal i n  t h i s  model. 

The p r i m a r y  improvement i n  t h i s  model which provides  more accu ra t e  and 
comprehensive r e s u l t s  i s  t h a t  t h e  b o i l e r  s h i e l d  and vapor-cooled s h i e l d  
a r e  each represented with a s e r i e s  of connected nodes. Each of t h e s e  
nodes r e p r e s e n t s  a s e c t i o n  of s h i e l d  with a t t a c h e d  tube  and cool ing vapor. 
Previous ana lyses  and experimentation with t h e  OTTA (Ref. 1) i n d i c a t e  
t h a t  a s  few as 20 nodes provide a c c u r a t e  r e p r e s e n t a t i o n  of a vapor- 
cooled s h i e l d .  T h i s  i s  because t h e  s h i e l d s  are f o r  t h e  g r e a t e r  p a r t  
nea r ly  isothermal .  

S i n c e  t h e  vapor-cooled s h i e l d  and b o i l e r  s h i e l d  a r e  represented with a 
s e r i e s  of nodes, conduction elements of t h e  i n s u l a t i o n  system can now 
be r ep resen ted  i n d i v i d u a l l y ,  and t h e  l o c a t i o n s  of t h e i r  attachments to 
t h e  vapor-cooled s h i e l d  and b o i l e r  s h i e l d  can  b e  approximately accounted 
for. 

F l u i d  thermodynamic p r o p e r t i e s  a r e  considered temperature and p res su re  
dependent, and a l l  m a t e r i a l  thermal c o n d u c t i v i t i e s  are considered t e m -  
p e r a t u r e  dependent. 

A thermal network model f o r  TAP u t i l i z a t i o n  f o r  a c o n f i g u r a t i o n  c o n s i s t i n g  
of a 'vapor-cooled s h i e l d - w i t h ' a  complete b o i l e r  s h i e l d  and t h e  c u r r e n t  
plumbing and pres su re  v e s s e l  support  system i s  shown i n  F i g u r e  6. 

H e a t  f lows included i n  t h i s  model a r e  (1) r a d i a t i o n  from t h e  o u t e r  
s h e l l  t o  t h e -  vapor-cooled s h i e l d s ,  from the'  vapor-cooled s h i e l d  t o  
t h e  b o i l e r  s h i e l d ,  and from t h e  b o i l e r  s h i e l d  t o  t h e  p re s su re  v e s s e l ,  

20 
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(2) conduction through t h e  pressure ves se l  support  s y s t e m  and 
plumbing, through the\uapor-cooled s h i e l d  and b o i l e r  s h i e l d  suppor t s ,  
through t h e  s h o r t i n g  S t r a p s  between t h e  plumbing and b o i l e r  s h i e l d ,  
and i n  t h e  vapof-cooled s h i e l d  and b o i l e r  s h i e l d ,  and (3) abso rp t ion  
by h e a t  f low. 
i n s u l a t i o n  s y s t e m  changes during HTTA des ign  and development. 

The thermal model w i l l  be updated to i n c o r p o r a t e  

The m u l t i l a y e r  i n s u l a t i o n  e f f e c t i v e n e s s  i s  represented i n  t h e  thermal 

emit tance,  number of l a y e r s ,  pene t r a t ion  gaps and edge e f f e c t s ,  s p a c e r  
performance, compression e f f e c t s  and boundary temperatures .  Evaluat ion 
of m u l t i l a y e r  i n s u l a t i o n  performance i s  t h e  l a r g e s t  source of inaccuracy 
i n  a n a l y t i c  p r e d i c t i o n s  of thermal performance f o r  cryogenic tankage. 
Needed va lues  of 
from company-funded experimental  i n v e s t i g a t i o n s  w i t h  t h e  Beech I n s u l a t i o n  
Comparator, and from e s t i m a t e s  of l a y u p  degradat ion based on a v a i l a b l e  
d a t a  and Beech experience on Apollo (Reference 7 ) ,  Lunar Module - LM 
(Reference S), and OTTA (Reference 1) cryogenic tankage. 

...- ,r,vdel with a t o t a l  h l anke t  emittance ( < ) which depends on s u r f a c e  e f f  

, 

a r e  determined from d a t a  i n  t h e  l i t e r a t u r e ,  f e f f  

4 .0  RESULTS OF CONFIGURATION TRADE-OFF STUDY 

The a n a l y s i s  t o  determine t h e  optimum placement of t h e  vapor-cooled 
s h i e l d  w i t h i n  t h e  m u l t i l a y e r  i n s u l a t i o n  is  contained i n  t h e  next sec-  
t i o n .  The thermal network models shown i n  Sec t ion  3 . 2 . 1  were used t o  
compute hea t  leaks and boil-of f r a t e s  f o r  t h e  cand ida te  vapor-cooling 
c o n f i g u r a t i o n s  u s i n g  t h e  determined optimum vapor-cooled s h i e l d  l o c a t i o n .  

The r e s u l t s  c o n s i s t  of curves  of boi l -off  r a t e  ve r sus  t o t a l  e f f e c t i v e  
emi t t ance  of t h e  m u l t i l a y e r  i n s u l a t i o n  f o r  t h e  f o u r  cand ida te  configura-  
t i o n s  and f o r , b o t n  vapor and liquid vent& from t h e  prassure v e s s e l .  
Curves of t o t a l  number of mult i layer  r a d i a t i o n  b a r r i e r s  v e r s u s  t o t a l  
e f f e c t i v e  emit tance were generated for double-aluminized mylar and 
doub le - s i lve r i zed  mylar with double s i l k  n e t .  With t h e s e  two sets  of 
curves,  combined i n s u l a t i o n  system and boi l -off  weight was determined 
a s  a f u n c t i o n  of t o t a l  e f f e c t i v e  emittance.  The minimum weight penal ty  
and corresponding optimum number of l a y e r s  of m u l t i l a y e r  i n s u l a t i o n  
were then  determined for  each conf igu ra t ion  from t h i s  l a s t  s e t  of 
curves .  

4 . 1  Opt imum Vapor-Cooled Sh ie ld  Locat i on  

The optimum vapor-cooled s h i e l d  l o c a t i o n  w i l l  be  determined i n  terms 
of t h e  r a t i o  of t h e  e f f e c t i v e  mul t i l aye r  blanket  emit tance between t h e  
vapor-cooled s h i e l d  and t h e  pressure v e s s e l  ( e  ) and t h e  e f f e c t i v e  
b l anke t  emit tance between the  o u t e r  s h e l l  and ?he vapor-cooled s h i e l d  
($). Only heat  t r a n s f e r  by r a d i a t i o n  w i l l  be considered i n  t h i s  

2 6  
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computation. The energy balance f o r  t h e  vapor-cooled s h i e l d  is: 

- - (%cs - HpV> (1) Qvcs - Q, 

where 

4 4 
QVCS = 0- 6 A1 (Tos - Tvcs 

4 4 
Q, = 4 A2 (TVCs - TPV 1 9  

- T ) w i t h  v a p o r  vented from t h e  ( y r c s  - HPv) = cP (Tvcs w 
pressure  ves se l  and 

- TW) + €I,, with l i q u i d  vented (Hvcs - HpV) = cP (Tvcs 
from t h e  pressure  v e s s e l .  

I n  o r d e r  t o  f a c i l i t a t e  manipulation of these equat ions ,  en tha lpy  of t h e  
vapor a t  any tempera ture]  T, i s  def ined a s  C T .  

Expanding and r ea r r ang ing  Equation (1) y i e l d s :  

P 

4 4 

( 2 )  
A1 (Tos - TVCS e CJC, = 

& I  

where 

. Using Equat ion (2) and QPv The o b j e c t i v e  now is t o  minimize 

g ives :  
4 4 

assuming TVCS >> TW 

26 

90.33 364 



ER 15464 - 
November 19, 1971 

L) 

4 4 

+ TVC.'] 
e (Tos - Tvcs 
e + cP Tvcs - HPV 

+ A2) C T  - 
QPV - 2 

where 

4 A 

B = 8 (Tos - Tvcs=) 

c = Q + C T  P vcs - HPV 

4 
= TVCS 

S e t t i n g  t h e  d e r i v a t i v e  equal  t o  zero i n  o rde r  t o  f i n d  the.minimum gives:  

B d (E + D) 
- - = 0, o r  dQW 

dTVCS dTvcs 

B dC dD 1 d F 3  - -  - + -  = o  - -  
dTvcs c2 dTVCs dTVCS 

where 

3 = - 4 e T~~~ dB 

dTvcs 

= cp I and dC 

dTvcs 

3 = 4 T  dD 
dTvcs vcs 

S u b s t i t u t i n g  i n t o  Equation (4) and rearranging gives:  
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T h i s  equa t ion  was solved for T with vcs 

= 3.0 Btu/lb-OR, 
cP 

= 540°R and 600°R, os T 

1 8 = 194.4 Btu/ lb-  

vapor vented from p res su re  vessel ,  and 

= 120.0 Btu/ lb  I- " 

l i q u i d  vented from p res su re  vessel .  

8 = 4.25 Btu/ lb  

= 70.0 Btu/ lb  
HpV 

Values  of e and €+ are  bas& 0:: a pressure of 17.0 psiz. Vzlues of 
C corresponding t o  t h e  range of T 
Equat ion  (5)  var ied  from 2.62 t o  3!?5 Btu/lb-OR. The assumed va lue  of 
3.0 Btu/lb-OR is considered adequate f o r  t h e  purpose of t h i s  a n a l y s i s .  

r e s u l t i n g  from s o l u t i o n s  t o  P 

Solv ing  Equation (5) f o r  TVCS 
g ives :  

and using t h e  r e s u l t s  i n  Equation (2) 

f2/< = 3.82 - vapor vented from p res su re  v e s s e l ,  600°R 

= 2.51 - l i q u i d  vented from p res su re  vessel , 600°R 

3.87 - vapor vented from p res su re  v e s s e l ,  540°R 

2.62 - l i q u i d  vented from p res su re  v e s s e l ,  540°R 

= 

= 
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S i n c e  t h e  l o c a t i o n  of t h e  vapor-cooled . s h i e l d  should be optimized f o r  
t h e  worse case mode of ope ra t ion  ( l i q u i d  vented from t h e  p r e s s u r e  v e s s e l ) ,  
a v a l u e  of 
Because of t e emperature dependence of t h e  m u l t i l a y e r  i n s u l a t i o n  r e f l e c -  
t a n c e  c h a r a c t e r i s t i c s ,  t h i s  means t h a t  approximately 75% of t h e  i n s u l a t i o n  
should be placed o u t s i d e  t h e  vapor-cooled s h i e l d .  

= 2.0 was used i n  t h e  c o n f i g u r a t i o n  t rade-off  s tudy .  vi 
Not ice  t h a t  t h e  optimum vapor-cooled s h i e l d  l o c a t i o n  f o r  a c o n f i g u r a t i o n  
w i t h  a b o i l e r  s h i e l d  and a vapor-cooled s h i e l d  with l i q u i d  vented from 
t h e  p r e s s u r e  v e s s e l  is e s s e n t i a l l y  t h e  same as t h a t  f o r  a c o n f i g u r a t i o n  
w i t h  a s i n g l e  vapor-cooled s h i e l d  with vapor vented from t h e  p r e s s u r e  
v e s s e l .  T h i s  imp l i e s  t h a t  a d i f f e r e n t  vapor-cooled s h i e l d  locatio11 

, should have been used f o r  each vapor-cooling c o n f i g u r a t i o n  and f o r  each 
ven t ing  mode. Boi l -off  r a t e s  were computed f o r  some s p e c i f i c . c a s e s  f o r  

$/el less t h a n  246ever t h a t  range. It  is  consequent ly  be l i eved  tha t  t h e  
use of 4f /< 
t r ade -o f3  d u d y  t o  any s i g n i f i c a n t  ex ten t .  

ranging between 2.0 and 4.0,  and t h e  boi l -off  rates d i f f e r e d  by 

= 2.0 f o r  a l l  cases d i d  no t  impair  t he  v a l i d i t y  of t h e  

4 . 2  Performance of Mult i layer  I n s u l a t i o n  
~ 

F i g u r e  7 c o n t a i n s  curves  of t o t a l  blanket e f f e c t i v e  emit tance ve r sus  
number of l a y e r s  f o r  both double-aluminized mylar and doub le - s i lve r i zed  
mylar with double s i l k  net  spacer .  These cu rves  were computed w i t h  
Equat ions (4.22) and (4.38) of Reference 2 f o r  environmental temperatures  
of 540°R and 600°R. The values  shown i n  F i g u r e  7 a r e  based on a 4-inch 
annulus  between t h e  o u t e r  s h e l l  and vapor-cooled s h i e l d ,  a 2-inch annulus 
between t h e  vapor-cooled s h i e l d  and p r e s s u r e  v e s s e l ,  and a vapor-cooled 
s h i e l d  temperature  of 200°R. 
temperature  would have l i t t l e  e f f e c t  on t h e  end r e s u l t s  of t h e  computa- 

ered i n  t h e  c o n f i g u r a t i o n  t rade-off  study, 
pe ra tu re s  v a r i e d  approximately between 200°R 

The use of a d i f f e r e n t  vapor-cooled s h i e l d  

Equat ions (4.22) and (4.38) of Reference 2 a r e :  . 

-12 ( ~ ~ 3 . 5 6  2 2 
7.46 x 10 (TH - TC 1 

+ (4.22) q = 
2 ( N  + 1) 

1 -11 4.67 4.67 
1.1 x 10 ‘TRA (TH - TC 
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- HTTA - 
* Heat Fluxes  Computed with Eqs. (4.22) and (4.38) of 

NASA CR 72605 

* MLI Spacer Material Is Double S i l k  N e t  

*Annular Space Between Outer S h e l l  and VCS = 4" 

Annular Space Between VCS and PV = 2" * 
* VCS Temperature 5: 200'R 

500 

200 

20 

10 

E Total 104 

FIGURE 7' 

Number of MLI Barr iers  vs. Tota l  
Blanket Emittance 
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- 
2 2 3.27 

(4.38)  q = 2 (N + 1) 

4.37 x 10- (N) (TH - TC 
+ 

1 4.51 4 .51  
6.7 t TRS (TH - T, ” 

where 

‘TRA = 0.035, 

= 0.020, 

= 0.0215. CTRG 

E f f e c t i v e  blanket  emit tance i s  def ined as :  

I n  o r d e r  t o  account f o r  mul t i layer  i n s u l a t i o n  lay-up degrada t ion  e f f e c t s  
(i. e., gaps around penet ra t ions ,  edge e f f e c t s ,  l o c a l  compression), t h e  
r i g h t  s i d e s  of Equat ions (4.22) and (4.38) were mul t ip l i ed  by 1.5 and 
2 . 0  f o r  t h e  b l anke t s  above and below t h e  vapor-cooled s h i e l d ,  r e spec t ive ly .  
The va lues  of t h e s e  degradat ion f a c t o r s  are based upon Beech’s exper ience  
w i t h  previous cryogenic  tankage. 

The fol lowing s t e p s  were followed i n  genera t ing  F igu re  7 :  

(1) Curves of e f f e c t i v e  emit tance versus  number of b a r r i e r s  were 
computed f o r  t h e  blanket above t h e  vapor-cooled s h i e l d ,  fo r  
aluminized and s i l v e r i z e d  mylar, and f o r  environmental  tempera- 
t u r e s  of 540°R and 600’R. 

(2) Curves of e f f e c t i v e  emittance v e r ~ u s  number of b a r r i e r s  were 
computed f o r  t h e  blanket below t h e  vapor-cooled s h i e l d  f o r  
aluminized and s i l v e r i z e d  mylar. 

( 3 )  For a given t o t a l  mul t i layer  i n s u l a t i o n  emi t tance  t h e  emit- 
t a n c e s  of t h e  b l a n k e t s  above and below t h e  vapor-cooled s h i e l d  
a r e  def ined  ( f2/< = 2.0), and t h e  number of barr iers  above I 
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mm*lh 

9 

Conf igura t. i 011 

1. vcs OL1.1'. 
2. VCS and complete Loi ler  s h i e l d .  
3 .  VCS and b o i l e r  s h i e l d  on c y l i n d r i c a l  portioa Only, 
4.  No vapor-cooling. 

. . .. . . . - .. - . . 

. !  
I . .  

i 
I 

. ... . I 
I 

i 

.. ~ 

i 

. I  . . 

1 . :  

' 0 . 7 5  

10.50 

0 . 2 5  

0 

va por Expul IS ion 4 

--- L.i quid 

0 4 8 

QTotr 1 lo4 
16 

FIGURE 8 

Boi lo f f  R a t e  vs, MLI Totail  Emittance f o r  External 
Temperature = 600".R (7-day Mission) 
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Conf igurat  i.on 
1. vcs only .  
2.  
3 .  
4 .  No vapor-cooling. 

VCS and complete boi ler  s h i e l d .  
VCS and 'boiler s h i e l d  Dn c y l i n d r i c a l  portio11 only.  

r' ._.__ -----.-..-- 

! 

i .  
j 

! '  

I .  

j . _ j  

1 '  

I 

1 . .  
i 
i 
1 

! 

._ 

... 

. .  

t -  

! 

I 

I 

.- 
.. 

. .  

O a 6  t 
0 . 5  

0.4 

0 . 3  

0.2 

0.1 

0 

HTTA - P4 
, / 

*Storage Pressure = 17 p s i a  
*Externa!. Ternperet~re = . S O O R  

Vapor Expul s i o n  

- - - Liquid Expulsion 

f 3  
/- 

/' 

/ ,*' ' - 1 

4 
x 10 Total € 

FIGURE 9 

Boiloff R a t e  J s .  MLI T o t a l  E m i t t a n c e  for E x t e r n a l  
Temperature = %OUR (180-Day M i s s i o n )  
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and below t h e  vapor-cooled s h i e l d  can be obtained from t h e  curves 
desc r ibed  above. 

Curves of t o t a l  m u l t i l a y e r  i n s u l a t i o n  emittance versus  t o t a l  
number of r a d i a t i o n  b a r r i e r s  can  t h e n  be generated.  

(4) 

4.3 Configurat ion S e l e c t i o n  f o r  7-Day and 180-Day Missions 

F i g u r e s  8 aid  9 eontz in  FUrVes of boi l -off  ra tes  versus  t o t a l  m u l t i l a y e r  
i n s u l a t i o n  blanket  emit tance which were computed with t h e  thermal network 
models desc r ibed  i n  S e c t i o n  3.2.1 f o r  t h e  fou r  vapor-cooling configura- 
t i o n s  l i s t e d  i n  S e c t i o n  2.5. F i g u r e s  8 and 9 correspond t o  environmental 
t empera tu res  of 600°R and 540°R, r e s p e c t i v e l y .  Boil-off r a t e s  f o r  both 
vapor  and l i q u i d  vented f r o m t h e  p res su re  ves se l  a r e  shown. 

Shown i n  F igu re  10 a r e  curves of hea t  f l u x  and t o t a l  heat l eak  versus  
t o t a l  m u l t i l a y e r  i n s u l a t i o n  blanket  emit tance for opera t ion  i n  t h e  vapor 
v e n t i n g  mode and f o r  environmental temperatures  of 540°R and 600°R. 

Heat l e a k s  and corresponding boil-of f r a t e s  were computed f o r  t h e  
e f f e c t i v e  blanket  emit tance between t h e  vapor-cooled s h i e l d  and p res su re  
v e s s e l  (or b o i l e r  s h i e l d )  being twice t h e  value between t h e  o u t e r  s h e l l  
and vapor-cooled s h i e l d ,  as discussed i n  Sec t ion  4 .1 .  The e f f e c t i v e  
e m i t t a n c e  between t h e  vapor-cooled s h i e l d  and pressure ves se l  (or b o i l e r  
s h i e l d )  i s  t h u s  t h r e e  t i m e s  t h e  t o t a l  blanket  emittance,  and t h e  value 
between t h e  o u t e r  shell and vapor-cooled s h i e l d  is  1 . 5  times t h e  t o t a l  
b l a n k e t  emit tance,  I n  cases wi th  a b o i l e r  s h i e l d ,  i t  was assumed t h a t  
two r a d i a t i o n  b a r r i e r s  were p resen t  between t h e  b o i l e r  s h i e l d  and p res -  
sure v e s s e l ,  and an  e f f e c t i v e  b l anke t  emit tance of 0.01 was used. 

Only vapor vent,ing was considered f o r  conf igu ra t ion  4 (no vapor cool ing)  
because  l i q u i d  ven t ing  would produce p r o h i b i t i v e l y  high boi l -off  l o s s e s .  
t must consequently be assumed t h a t  a phase sepa ra t ing  dev ice  i s  placed 

ssure vessel i n  o r d e r  t o  ensure vapor vent ing du r ing  
zero-g ope ra t ion .  A t  p r e s e n t ,  t h e  r e l i a b i l i t y  of devices  involving 
o r i f i c e s  o r  J-T va lves  i s  considered unacceptable f o r  a p p l i c a t i o n  t o  
t h i s  tank. A pass ive  r e t e n t i o n  device (screen)  would be a more 
p robab le  choice and would weigh between 100 and 200 pounds f o r  a tank 
t h i s  s i ze  according t o  Reference 9. However, r e t e n t i o n  dev ices  f o r  
t h i s  t ype  of a p p l i c a t i o n  a re  s t i l l  i n  t h e  development s t a g e  and 
f l i g h t - q u a l i f i e d  hardware is not a v a i l a b l e .  S ince  t h i s  tank w i l l  be 
used only f o r  ground t e s t i n g .  and can consequently be ope ra t ed  with 
e i t h e r  vapor o r  l i q u i d  vented from. t h e  p re s su re  ves se l ,  a phase 
s e p a r a t i n g  dev ice  w i l l  not be i n s t a l l e d .  
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Configurat ions  

! 

VCS Only. 
VCS with complete b o i l e r  s h i e l d .  
VCS with b o i l e r  s h i e l d  on c y l i n d r i c a l  portion only .  
No vapor-cooling , 

HTTA 
7 

* Storage  Pressure = '17 ps ia  

--- External  Temperature = 600°R 

External  Temperature = 540°R 

/ 
/ 

16* t / 

4 x 10 %otal 

Figure 10 - Heat Flux and T p t a l  Heat Leak v s .  MLI T o t a l  
Emittance f o r  Vapor Vented from Pressure Vcsse l  
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F i g u r e s  11, 12, 13, and 14 con ta in  curves of combined bo i l -o f f  p l u s  
i n s u l a t i o n  s y s t e m  weight versus  t o t a l  m u l t i l a y e r  i n s u l a t i o n  emit tance 
f o r  7-day s t o r a g e  wi th  l i q u i d  vent ing,  7-day s t o r a g e  with vapor vent ing,  
180-day s t o r a g e  wi th  l i q u i d  vent ing,  and 180-day s to rage  with vapor 
ven t ing ,  r e s p e c t i v e l y .  Weights which were used t o  cons t ruc t  t h e s e  cu rves  
a r e  : 

(1) Vapor-cooled s h i e l d  (0.008 inch t h i c k )  - 65 pounds. 

(2) B o i l e r  s h i e l d  (0.008 inch t h i c k )  - 62 pounds, 

(3) C y l i n d r i c a l  b o i l e r  s h i e l d  - 37 pounds. 

(4)  Re ten t ion  sc reen  - 1-00 pounds. 

(5) M u l t i l a y e r  i n s u l a t i o n  (1/4-1nil mylar w i th  e i t ,her  double s i l k  ne t  . 

o r  s i n g l e  nylon n e t )  - 2 . 3  lb / l aye r .  

T h e  number of m u l t i l a y e r  i n s u l a t i o n  l a y e r s  needed t o  produce t h e  
r e q u i r e d  b l anke t  emi t t ances  were taken from F igure  7, , 

As mentioned i n  Sec t ion  2.3, s i n g l e  nylon n e t  and double s i l k  net  
appear t o  perform equa l ly  w e l l  as mul t i l aye r  i n s u l a t i o n  spacer  m a t e r i a l s  
a t  higher  temperature  levels .  
s i d e r e d  equa l ,  Since two l a y e r s  of s i l k  c o s t  a l i t t l e  over twice as 
much as one l a y e r  of nylon, it would be economically advantageous t o  
cons ide r  a hybrid m u l t i l a y e r  i n s u l a t i o n  s y s t e m  i n  which s i l k  i s  used f o r  
t h e  c o l d e r  l ayers  and nylon is used f o r  t h e  warmer l a y e r s .  

The weights of t h e  two can a l s o  be con- 

During zero-g s t o r a g e  of a two-phase f l u i d  without a phase s e p a r a t i n g  
dev ice ,  t h e  s t a t e  of t h e  f l u i d  vented from t h e  p re s su re  ves se l  could 
be anything from pure vapor to  pure l i q u i d .  Liquid vent ing is probable 
f o r  t h e  180-day mission s ince  t h e  tank w i l l  be  over  95 % f u l l  during 
t h e  e n t i r e  s t o r a g e  period. For t h e  7-day mission i n  which t h e  tank 
w i l l  be  approximately h a l f  f u l l  during t h e  s t o r a g e  period (Figure l),  
t h e  f l u i d  vented from t h e  pressure vessel w i l l  probably be some com- 
b i n a t i o n  of l i q u i d  and vapor, For  purposes of s e l e c t i n g  t h e  minimum 
weight conf igu ra t ions ,  it i s  assumed t h a t  e i t h e r  a r e t e n t i o n  sc reen  
phase s e p a r a t o r  i s  employed o r  else l i q u i d  i s  vented from t h e  p re s su re  
v e s s e l .  

The recommended i n s u l a t i o n  conf igu ra t ions  based on t h e  weight t r ade -  
off  s tudy wi th  cons t an t  p re s su re  o p e r a t i o n  and on t h e  mul t i l aye r  i n su la -  
t i o n  s e l e c t i o n  discussed i n  Sec t ion  2.3 are: 
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I . '  i *Storage h r i o d  = 7 Days 
. .  . . .  

Conf igurat  ion 
1. VCS on1.y. 
2. 
3.  
4. No vapor-cooling. 

VCS and complete boi l er  s h i e l d .  
VCS and b o i l e r  s h i e l d  on c y l i n d r i c a l  s e c t i o n  only .  

_ .  , - - _--- .- 

I 
*Storage Pressure = 17 ps ia  

. .  4 . .  j :  *Liquid Expulsim From PV 
I 
I 

. . .  *coni. 4 Ineludes F lu id  Conditioner Weight (100 l b s )  

Double Aluminized Mylar i a w l - .  ! 

i 

I.. ! I 

x lo4 
Total 

€ 

FIGURE 11- 

Insulat ion System t Bo i lo f f  Weight v s ,  MLI 
Total  Emittance (7-Days ,. Liquid Expulsion) 

37 



J3R 15464 - 
November 19,' 1971 

Conf igu rat ion 
1. VCS on ly .  
2. 
3. 
4. No vapor-cooling. 

V e S  and complete boiler: s h i e l d .  
VCS and b o i l e r  s h i e l d  on cy l indr ica l  portian Only. 

HTTA - .. I 

! 

I 
, * Storage Period a 7 Days 

* External Temperature = 600"R 
i . -  * Storage Pressure = I 17 p s i a  
I 
! * Vapor Expulsian Front PV 

* Fluid Conditioner Weight Included 

DoubJe Aluminized Mylar 

- _,-. Ooublt S i lver ized  Mylar . 

3,- - - -.- 
*A 0 

. . I . .  

FIGURE l2 - 
Insulat loa  System + B o l l o l f  Weight vs. MLI 

, .  
Total Emittance (7-Days ,  Vapor Expulsion) 
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Conf igura-i; i ur1 
1. VCS only .  
2.  VCS and complete b o i l e r  s h i e l d .  
3. ' VCS and b o i l e r  s h i e l d  on c y l i n d r i c a l  port ion only ,  

. ._ ...- 
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* Storage Period = 180 Days 

* External Teblpsr8tUre = 540% 

* Storage Pressure = 17 p s l a  

*.Liquid Expulsion from PV 

1 3 

/ /  // 

Double Aluminized Mylar 

-- - Double' S i lver iced  Mylar 
I' \.- I' 

I I 1 I I 
, 4  6 8 10 2 

4 x 10 
. .  . . < T o t a l  

FIGURE 13 - 
Insulat ion System + Boi lo f f  Weight vs.  
MLI T o t a l  Emittancr- (lBO-Days, Liquid Expulsionj  
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Configuration 
1. VCS only. 
2. VCS and complete beiler s h i e l d .  
3. VCS and b o i l e r  shield o ~ i  c y l i n d r i c a l  portion only .  

I 
EfITA 
1 

* Storage Period = 180 Days 

* External Temperature 2 540% ' 

! 
FIGURE 14 

I .  

I n s u l a t i o n  System + Boiloff  Weight vs. MLI 
T o t a l  Emittance (188-I)ays, Vapor E x p u l s i o n )  
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7-Day Mission: 

*vapor-cooled s h i e l d  only , 

*no i n t e r n a l  phase s e p a r a t o r ,  and 

*30 layers of mult i layer  i n s u l a t i o n  (aluminized mylar) -- 
20 l a y e r s  between t h e  o u t e r  s h e l l  and vapor-cooled s h i e l d  
and 8 l a y e r s  between t h e  vzpm-cooled s h i e l d  and p res su re  
v e s s e l .  

180-Day Mission: 

*vapor-cooled s h i e l d  w i t h  complete b o i l e r  s h i e l d ,  

*no i n t e r n a l  phase sepa ra to r ,  and 

*68 l a y e r s  mul t i l aye r  i n s u l a t i o n  ( s i l v e r i z e d  mylar) -- 
46 l a y e r s  between t h e  o u t e r  s h e l l  and vapor-cooled 
s h i e l d ,  20 layers between the vapor-cooled s h i e l d  and 
boi ler  s h i e l d ,  and two l a y e r s  between the  b o i l e r  s h i e l d  
and p res su re  ves se l .  

It should be noted t h a t  aluminized mylar was chosen over  s i l v e r i z e d  
mylar f o r  t h e  7-day mission because aluminized mylar i s  considered more 
d u r a b l e  and s table ,  which i s  important i n  cons ide ra t ion  of t h e  7-day 
mission requirements.  The u s e  of s i l v e r i z e d  mylar would provide a 
weight savings of approximately 25 pounds. Based on Beech's experience 

d a t e  wi th  t h e  OTTA (Reference 11, t h e  r e f l e c t i v e  q u a l i t y  of s i l v e r i z e d  
degraded when proper s to rage  and handling techniques are 
or t o ,  during, and a f t e r  i n s t a l l a t i o n .  Surface r e f l e c t a n c e  

ob ta ined  by Beech i n d i c a t e  t h a t  moderate t a r n i s h i n g  does 
a n t l y  degrade t h e  r e f l e c t i v e  q u a l i t y  of s i l v e r i z e d  mylar. 

l a r  i s  s t i r1  t h e  recommended ma te r i a l  f o r  t h e  7-day mission 
because of i t s  s u p e r i o r  r e l i a b i l i t y .  

5.0 MULTILAYER INSULATION PERFORhMCE TESTING 

S i n c e  r a d i a t i o n  i s  t h e  dominant mode of hea t  l e a k  i n t o  t h i s  v e s s e l ,  
a c c u r a t e  p r e d i c t i o n s  of thermal performance depend upon good e s t i m a t e s  
of t h e  m u l t i l a y e r  i n s u l a t i o n  performance. These e s t i m a t e s  a r e  ob ta ined  
from f l a t  p l a t e  test  d a t a ,  t ank  t e s t  da t a ,  and eva lua t ion  of layup 
degrada t ion  of t h e  i n s t a l l e d  mul t i l aye r  i n s u l a t i o n .  

90.3 3 364 
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For  t h i s  study, e s t i m a t e s  of layup degradat ion are based upon Beech's 
expe r i ence  on Apollo, LM (Reference 8 ) ,  and OTTA (Reference 1 )  cryogenic  
tankage.  Experience and test da ta  with OTTA a r e  p a r t i c u l a r l y  va luab le  
because of t h e  s i m i l a r i t y  between OTTA and recommended HTTA mul t i l aye r  
i n s u l a t i o n  f a b r i c a t i o n  and layup techniques.  

In-house t e s t i n g  i s  important i n  eva lua t ing  mul t i l aye r  i n su la t io r ,  pe r -  
formance because of (1) incons i s t enc ie s  i n  t e s t i n g  and d a t a  r educ t ion  
t echn iques  which e x i s t  i n  information a v a i l a b l e  ir, t h e  literature, 
(2) l a c k  o f  d i r e c t  m u l t i l a y e r  i n s u l a t i o n  performance comparison tests, 
and (3) l a c k  of  m u l t i l a y e r  i n s u l a t i o n  performance d a t a  f o r  t h e  number 
of  l a y e r s  and boundary condi t ions  des i red .  

5 . 1  Desc r ip t ion  of Appara tus  

An appa ra tus  (Beech I n s u l a t i o n  Comparator) was designed and b u i l t  a t  
Beec,h-Boulder and has  been i n  u se  for t h e  pas t  two y e a r s . f o r  thermal 
performance t e s t i n g  of mul t i l aye r  i n s u l a t i o n s .  A s  t h e  name i m p l i e s ,  
t h i s  equipment w a s  designed and i s . u s e d  pr imar i ly  f o r  comparing t h e  
thermal  performance of . d i f f e r e n t  mul t i layer  i n s u l a t i o n  ma te r i a l s .  
Before  us ing  t h e  experimental  d a t a  a s  an abso lu te  measurement of 
i n s u l a t i o n  performance, heat  losses through support  elements and o u t  
t h e  edges of t h e  sample  must b e  eva lua ted ,  These edge l o s s e s  depend 
upon t h e  test  cond i t ions  and upon t h e  sample being t e s t e d .  The tes t  
appa ra tus  has  been designed t o  reduce t h e s e  hea t  l o s s e s  t o  a l e v e l  
such t h a t  t h e y  do not  impair the v a l i d i t y  of t h e  equipment for com- 
pa r ing  d i f f e r e n t  i n s u l a t i o n  materials..  The ex ten t  of edge l o s s e s  
has  not been completely evaluated. 

F igu re  15 con ta ins  a desc r ip t ion  of t h e  Beech I n s u l a t i o n  Comparator 
and t e s t i n g  techniques.  This  apparatus  has  been used t o  eva lua te  
t h e  i n s u l a t i o n  c h a r a c t e r i s t i c s  of t h r e e  mul t i l aye r  i n s u l a t i o n s  which 
a r e  app l i cab le  t o  t h i s  program: (1) double-s i lver ized  mylar with 
doub le - s i lk  ne t ,  (2)  double-aluminized m y l a r  wi th double-s i lk  ne t ,  
and (3)  double-aluminized mylar  with s ingle-nylon ne t .  Tes t  r e s u l t s  
c o n s i s t  of hea t  f l u x e s  through t h e  mul t i layer  i n s u l a t i o n  samples. 
These are  then  converted t o  ePfec t ive  emi t tances  equiva len t  t o  t h o s e  
used i n  t h e  thermal network models as  explained i n  Sec t ion  3.0. 

5 . 2  Resu l t s  .of In su la t ion  Tes t ing  

R e s u l t s  of t h e  mul t i l aye r  i n s u l a t i o n  t e s t i n g  a r e  shown i n  F igures  16, 
17, and 18. F igure  16  conta ins  r e s u l t s  f o r  samples c o n s i s t i n g  of 15, 
25, and 40 l a y e r s  of double-aluminized mylar wi th  s ingle-nylon ne t .  
Samples were t e s t e d  wi th  cold boundary temperatures  of' -115OF, -226OF, 
and -320°F and wi th  hot boundary temperatures  ranging up t o  80°F. 
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-7 
A .  Vacuum Chamber - pres su re  l e v e l  1 x 10 t o r r .  

B. H e a t  S ink  (Cold P l a t e )  - cont ro l led  temperature  
t o  O°F 

range: 320°F 

C. I n s u l a t i o n  Sample - mul t i l aye r  i n s u l a t i o n  layup.  

e a t e r  e l e m e n t s  temperature  range 

ized  m y l a r  s h i e l d i n g .  

) a r e  i n s t a l l e d  i n  exac t  layup configura-  
a ted  hea t ing  e1ement.s (D). Thermostati- '  

ca11y c o n t r o l l e d  "heat s ink"  p l a t e s  (B) form t h e  o u t s i d e  su r face  of t h e  
sample t e s t  sandwich. Cen t ra l ly  loca ted  i n s u l a t i o n  samples and hea t ing  
elements  a r e  i s o l a t e d  from perimeter  s e c t i o n s  t o  e l i m i n a t e  "edge-effects"  
i n  t h e  c o n t r o l l e d  sample a rea .  Heating elements ,  co ld  p l a t e s ,  and 
r a d i a t i o n  b a r r i e r s  are  instrumented f o r  temperature .  Heat element i n p u t  
is  c o n t r o l l e d  by v e r n i e r  power supp l i e s  and recorded by d i g i t a l  vo l tmeters .  
The complete t e s t  bed is  surrounded by mul t i l aye r  r a d i a t i o n  b a r r i e r s  and 
housed i n  a high vacuum chamber. 

F igure  15  - Beech I n s u l a t i o n  Comparator 
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Figure 16 - E f f e c t i v e  Blanket Emittance vs. Hot Boundary Temperature 
for 15 and 25 Layers of Double-Aluminized Mylar with 
Nylon Net Spacer 
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F i g u r e  17  c o n t a i n s  r e s u l t s  for samples c b n s i s t i n g  of 15  and 25 l a y e r s  
of double-aluminized mylar with double-s i lk  ne t  f o r  a co ld  boundary 
tempera ture  of -320°F. Figure 18 c o n t a i n s  r e s u l t s  f o r  samples con- 
s i s t i n g  of 15 and 25 l a y e r s  of doub le - s i lve r i zed  mylar w i t h  double- 
s i l k  n e t  for a c d d  boundary temperature  of -320OF. 

Examination of F igu res  16, 17, and 18 r e v e a l s  t h a t  a t  t h e  h igher  hot 
boundary tempera tures ,  t h e  e f f e c t i v e  emi t tances  obta ined  inc rease  more 
r a p i d l y  wi th  i n c r e a s i n g  hot boundary temperature  than  should be expected. 
The only  c u r r e n t  exp lana t ion  f o r  t h i s  e f f e c t  i s  t h a t  l a t e r a l  conduction 
i n  t h e  i n s u l a t i o n  samples becomes more n o t i c e a b l e  a t  t h e  h ighe r  tempera- 
t u r e  l e v e l s .  When t h e  sample l o s e s  hea t  out around t h e  edges, more power 
i s  r e q u i r e d  i n  t h e  h e a t e r  p l a t e  t o  maintain t h e  hot boundary temperature ,  
and t h e  e f f e c t i v e  emi t tance  of t h e  b lanket  appears  t o  be h igher  t han  it 
a c t u a l l y  is. It i s  f e l t  t h a t  a t  t h i s  t ime t h e  d a t a  obtained a t  h igher  
t empera tu res  should be i n t e r p r e t e d  with ca re .  
examined more c l o s e l y .  

T h i s  problem w i l l  be 

6 . 0  PERFORMANCE OF RECOMMENDED CONFIGURATIONS 

6.1 E f f e c t  of S torage  Pressure  

F i g u r e  19 c o n t a i n s  curves  of boi l -of f  r a t e s  versus  s to rage  pressure  f o r  
t h e  two c o n f i g u r a t i o n s  recommended i n  S e c t i o n  4.3 and f o r  both vapor 
and l i q u i d  vented from t h e  pressure  v e s s e l .  
cons t an t  p r e s s u r e  s to rage  condi t ions  where t h e  l i q u i d  i s  s a t u r a t e d  a t  
t h e  s t o r a g e  pressure .  

No t i ce  t h a t  the  only case  f o r  which s t o r a g e  p res su re  has  any s i g n i f i -  
cant e f f e c t  upon boi l -off  r a t e  over  t h e  range  of pressure  considered 
i s  t h e  c o n f i g u r a t i o n  w i t h  a vapor-cooled s h i e l d  only and wi th  l i q u i d  
vent ing .  T h i s  sugges ts  t h a t  from a boi l -of f  loss s tandpoin t  it would 
be advantageous t o  f i l l  the  tank  with l i q u i d - a t  t h e  h ighes t  possible 
s a t u r a t i o n  p res su re .  However, t h e r e  i s  no o v e r a l l  weight advantage 
because t h e  l i q u i d  dens i ty  decreases  a s  s a t u r a t i o n  pressure  inc reases .  
The i n i t i a l  f l u i d  mass i n  t h e  t ank  consequently decreases  as the 
s a t u r a t i o n  p res su re  of t he  f i l l  f l u i d  i n c r e a s e s .  T h i s  e f f e c t  i s  shown 
i n  F igu re  20 which con ta ins  curves  of f l u i d  mass remaining a t  t h e  end 
of t h e  miss ion  versus  s to rage  pressure .  Only mass l o s s  due t o  b o i l o f f  
is cons idered  i n  t h i s  f i g u r e .  

These curves a r e  based on 

6.2 Pressu re  Rise  without Venting 

Optimum o p e r a t  ion  from t h e  s t  andpoint of minimizing f l u i d  l o s s  c o n s i s t s  
of a l lowing  t h e  l i q u i d  temperature (and p res su re )  t o  rise a s  long as 
t h e  u l l a g e  space can accommodate t h e  corresponding l i q u i d  expansion. 
T h i s  l o g i c ,  of course,  ignores  t h e  p o s s i b l e  i n c r e a s e  i n  pressure  
v e s s e l  weight caused by the higher  ope ra t ing  pressure .  
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FIGURE 19 - 
B o i l o f f  Rate vs.  S t o r a g e  P r e s s u r e  for 
Weight-Optimized C o n f i g u r a t i o n s  
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F i g u r e  21 con ta ins  curves  of  pressure  ve r sus  t i m e  f o r  t h e  two recommended 
c o n f i g u r a t i o n s  f o r  o p e r a t i o n  w i t h  no vent ing  (i. e. ,  no vapor cool ing) .  

Because of t h e  f requent  f l u i d  use  a s soc ia t ed  wi th  t h e  7-day mission and 
t h e  l i k e l i h o o d  t h a t  t he  f l u i d  de l ive red  t o  t h e  pumps must be wi th in  a 
small range of s a t u r a t i o n  pressure,  
t empera tu re  (and s a t u r a t i o n  pressure)  could be allowed t o  rise. 

it i s  improbable t h a t  t h e  l i q u i d  

It is  poss ib l e  t h a t  s i g n i f i c a n t  weight sav ings  could be r e a l i z e d  by 
a l lowing  t h e  s to red  f l u i d  t o  absorb some of t h e  hea t  l eak  during t h e  
180-day mission.  
s o p h i s t i c a t e d  and l e s s  r e l i a b l e  pressure  c o n t r o l  system, and t h e  
f e a s i b i l i t y  of such a s y s t e m  requ i r e s  f u r t h e r  i nves t iga t ion .  

However, t h i s  type  of o p e r a t i o n  would r e q u i r e  a more 

6 . 3  E f f e c t  of F lu id  Quantity - 

Because of t h e  small  hea t  leak  r a t e s  involved and t h e  small r e s i s t a n c e  
t o  hea t  f low l a t e r a l l y  i n  t h e  0.16-inch t h i c k  aluminum wal l s  of t he  
p r e s s u r e  v e s s e l ,  u l l a g e  size  w i l l  have very l i t t l e  e f f e c t  upon f l u i d  
bo i l -o f f  ra te .  E f f e c t  of u l l age  s i z e  i s  of  l i t t l e  i n t e r e s t  for t h e  
180-day miss ion  s i n c e  it i s  assumed t h a t  no f l u i d  w i l l  be used during 
t h e  180-day s t o r a g e  per iod,  and t h e  u l l a g e  w i l l  consequently be no 
g r e a t e r  t han  5%. 
of a f u l l  t ank  for t h e  7-day mission, t h i s  ca se  w i l l  be examined more 
c lose ly  i n  t h e  fo l lowing  paragraphs.  

Consider  first t h e  c a s e  where t h e  tank is h a l f  f u l l  and i n  a one-g 
environment ( t e s t i n g ) .  Assume t h a t  a l l  t h e  hea t  e n t e r i n g  t h e  pres- 
s u r e  vessel i n  t h e  reg ion  of t h e  u l l a g e  must pass  through t h e  pressure  
vessel w a l l s  and i n t o  the  l i q u i d  i n  t h e  lower ha l f  of t h e  tank .  The 
hea t  l e a k  t o  t h e  pressure  vessel  during vapor vent ing  ope ra t ion  w i l l  
be much h ighe r  t han  dur ing  l i q u i d  vent ing  o p e r a t i o n  and should t h u s  
be  cons idered  here i n  o rde r  t o  be conserva t ive .  

S i n c e  the  f l u i d  quan t i ty  w i l l  be approximately 50% 

From Figure  11, the optimum t o t a l  mu l t i l aye r  i n s u l a t i o n  e f f e c t i v e  
emi t t ance  f o r  aluminized mylar and l i q u i d  vent ing  is 0.00075. From 
F i g u r e  10,  t h e  corresponding t o t a l  heat  l e a k  is 26.7 B tu /h r .  Based 
on t h e  assumption t h a t  one-fourth of t h i s  hea t  l eak  i s  conducted 
through a ten-foot  l e n g t h  of t h e  pressure  ves se l  and i n t o  t h e  l i q u i d ,  
t h e n  t h e  temperature  d i f f e rence  requi red  from t h e  t o p  t o  t h e  bottom 
of t h i s  ten- foot  s e c t i o n  is: 

T = QL/kA 

. 26 7 2 = (-1 (10)/(60) <&) (45.52 - 45.34 ) 

= 3.51°R 
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T h i s  amount of temperature  v a r i a t i o n  w i l l  have no s i g n i f i c a n t  e f f e c t  
upon the hea t  l e a k  t o  t h e  pressure v e s s e l ,  and it  can be concluded t h a t  
t h e  boi l -off  ra te  i n  a one-g environment i s  e s s e n t i a l l y  independent o f  
u l l a g e  size.  

I 

I 

I n  a zero-g environaent ,  the vapor w i l l  tend t o  c o l l e c t  around the 
w a l l s  of t h e  p r e s s u r e  ves se l .  
reduced by t h i s  cond i t ion .  
beyond t h e  scope of t h i s  study. 

If anything, t h e  bo i l -o f f  r a t e  w i l l  b e  
A d e t a i l e d  a n a l y s i s  of t h i s  e f f e c t  is 

6.4 E f f e c t  of S t r a t i f i c a t i o n  

Thermal s t r a t i f i c a t i o n  wi th in  the  KTTA has been considered i n  o r d e r  t o  
determine i t s  effects  upon t h e  thermal performance of the tank. 
mechanisms of thermal s t r a t i f i c a t i o n  a r e  complex, and a r igo rous  a n a l y s i s  
t o  e v a l u a t e  i t s  e f f e c t s  i s  both t ed ious  and d i f f i c u l t  and could not be 
performed w i t h i n  the  t ime and economical c o n s t r a i n t s  of t h i s  study. 
E f f o r t s  were consequent ly  d i r e c t e d  toward a more q u a l i t a t i v e  e v a l u a t i o n  
o f  t h e  p o s s i b l e  e f f e c t s  upon the  HTTA thermal performance during 
a n t i c i p a t e d  modes of operat ion.  

The 

A cons ide rab le  number of a n a l y t i c a l  and experimental  i n v e s t i g a t i o n s  of 
thermal  s t r a t i f i c a t i o n  problems have been performed and reported i n  
t h e  l i t e r a t u r e .  However, t h e  a v a i l a b l e  infqrmation gene ra l ly  p e r t a i n s  
t o  s p e c i f i c  t a n k s  and conf igu ra t ions  and cannot be r e a d i l y  app l i ed  t o  
a reasonable  e s t i m a t e  of the s t r a t i f i c a t i o n  e f f e c t s  w i t h i n  t h e  HTTA. 

The primary cause of thermal s t r a t i f i c a t i o n  is  t h e  l a c k  of s u f f i c i e n t  
h e a t  t r a n s f e r  mechanisms (conduction and convect ion)  needed t o  d i s t r i -  
b u t e  the incoming hea t  l e a k  throughout the bu lk  of the f l u i d .  
energy passing through t h e  p res su re  v e s s e l  wa l l  creates a w a r m  boundary 
l a y e r  next t o  t h e  w a l l .  
boundary l a y e r  rises upward and i s  accumulated i n  a warm l a y e r  a t  t h e  
upper surf  ace of t h e  stored f l u i d .  

I f  t h e  t a n k  was not  vented during t h i s  process ,  t h e  p res su re  rise 
measured i n  t h e  u l l a g e  space would i n i t i a l l y  be g r e a t e r  t h a n  a non: 
s t r a t i f i e d  tank because the  hea t  l e a k  i s  absorbed by only a s m a l l  
p o r t i o n  of t h e  s t o r e d  f l u i d .  
t h e  l i q u i d  s u r f a c e ,  t h e  u l l age  pressure would tend to l e v e l  o f f .  

The 

I n  a one-g environment t h e  warm f l u i d  i n  t h i s  

However, a f t e r  t h e  w a r m  l a y e r  forms on 

During vented o p e r a t i o n  where t h e  u l l a g e  p re s su re  i s  maintained a t  
t h e  s a t u r a t i o n  p res su re  of t h e  f l u i d  bulk,  t h e  warm f l u i d  which i s  
formed nea r  t h e  p re s su re  vessel  wall  w i l l  rise t o  the  s u r f a c e  and 
be b o i l e d  o f f .  Because the  heat  f l u x  i n c i d e n t  upon the  HTTA pres -  
s u r e  v e s s e l  w i l l  be extremely small, it is expected t h a t  t h e r e  w i l l  
b e  no n o t i c e a b l e  e f f e c t  of thermal s t r a t i f i c a t i o n  upon t h e  r e s u l t s  
of t h e  cons t an t  p r e s s u r e  boil-off t e s t i n g .  
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7.0 CONCLUS IONS AND RECOMMENDAT IONS 

A paramet r ic  s tudy has  been performed i n  o r d e r  t o  determine optimum 
thermal  p r o t e c t i o n  s y s t e m s  f o r  an 800-ft3 s u b c r i t i c a l  hydrogen s to rage  . 
v e s s e l  f o r  t h e  Space S h u t t l e  O r b i t a l  Maneuvering System 7-day mission 
and f o r  a% 180-day mission. 
t i o n a l  requirements  of t h e  two missions,  i n s u l a t i o n  conf igu ra t ions  
were s e l e c t e d  p r imar i ly  on t h e  b a s i s  of weight ana r e l i a b i l i t y  consider-  
a t  ions .  

Using t h e  thermal performance and opera- 

For t h e  7-day mission t h e  recommended sys t em c o n s i s t s  of a s i n g l e  vapor- 
cooled s h i e l d  and double-aluminized mylar wi th  double-s i lk  net spacers  
i n  t h e  c o l d e r  l a y e r s  and wi th  s ingle-nylon net  spacers  i n  t h e  warmer 
l a y e r s .  Based on t h e  i n i t i a l  analyses ,  approximately 30 l a y e r s  of 
m u l t i l a y e r  i n s u l a t i o n  i s  weight optimized. Although s i l v e r i z e d  mylar 
i s  s u p e r i o r  t o  aluminized mylar on a performance-to-weight bas i s ,  
a luminized mylar was chosen f o r  t h i s  mission because of i t s  g r e a t e r  
r e s i s t a n c e  t o  deg rada t ion  when exposed t o  adverse cond i t ions  such as 
a i r ,  moisture ,  and abras ion .  

Fo r  t h e  180-day mission t h e  recommended system c o n s i s t s  of a vapor- 
cooled  sh ie ld  wi th  a complete b o i l e r  s h i e l d  and double-s i lver ized  
mylar wi th  double-s i lk  net spacers  i n  t h e  co lde r  l a y e r s  and w i t h  
s ing le -ny lon  n e t  space r s  i n  t h e  warmer l a y e r s .  .Approximately 68 
l a y e r s  of m u l t i l a y e r  i n s u l a t i o n  is weight optimized according t o  
t h e  & n i t  i a l  ana lyses .  

Est imated hea t  l e a k s  and boi l -of f  r a t e s  f o r  t he  recommended i n s u l a t i o n  
systems a t  a s t o r a g e  p res su re  of 17 p s i a  a r e  shown below. . 

7-Day 180-Day 
Mission M i  s s i o n  

0.041 Bo i l -o f f  Rate (Liquid Venting) - lb/hr  0.43 
Boi l -of f  Ra te  (Vapor Venting) - l b /h r  0.20 0.033 
% B o i l o f f  per  Day (Liquid Venting) 0.293 0.028 

Heat Leak (Vapor Venting) - Btu/hr 39.0 6.40 
Heat Flux ( V a p o r  Venting) - Btu/ft2-hr 

% Boi lo f f  p e r  Day (Vapor Venting) 0.136 0.022 

0.013 0.078 

A more s o p h i s t i c a t e d  a n a l y t i c  technique t h a n  t h a t  used i n  t h e  parametr ic  
s tudy  has been developed f o r  pred ic t ing  thermal performance cha rac t e r -  
i s t i c s  of t h e  i n s t a l l e d  i n s u l a t i o n  sys tem.  Th i s  a n a l y s i s  accounts  f o r  
t h e  o p e r a t i o n  of t h e  i n s u l a t i o n  system i n  more d e t a i l  and w i l l  incorpor-  
a t e  more a c c u r a t e  e s t i m a t e s  of the  mul t i l aye r  i n s u l a t i o n  e f f e c t i v e n e s s  

90.33364 
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t h a n  was done i n  t h e  parametric study. T e s t  r e s u l t s  w i th  t h e  0"A 
(Reference 1) w i l l  be  of p a r t i c u l a r  va lue  for e v a l u a t i n g  mul t i l aye r  
i n s u l a t i o n  e f f e c t i v e n e s s  i n  making performance p r e d i c t i o n s  for t h e  
HTTA. Thermal performance p red ic t ions  f o r  t h e  i n s t a l l e d  i n s u l a t i o n  
system w i l l  be included i n  t h e  c o n t r a c t  f i n a l  r e p o r t .  

For  s t o r a g e  of l i q u i d  hydrogen ove r  extended per iods of t i m e ,  f l u i d  
loss  can be reduced by allowing some of t h e  heat l e a k  t o  be absorbed 
i n  t h e  s t o r e d  i iquici ,  t h u s  producing a r ise i n  s t o r a g e  p res su re .  
F u r t h e r  i n v e s t i g a t i o n s  would be r equ i r ed  t o  determine t h e  f e a s i b i l i t y  
of t h i s  t ype  of opera t ion .  

A b o i l e r  sh i e ld  i s  p r e s e n t l y  more r e l i a b l e  than any o t h e r  dev ice  Tor 
p reven t ihg  l i q u i d  from escaping a cryogenic s t o r a g e  s y s  tern du r ing  
constant-pressure,  zero-g s to rage .  The only o t h e r  type of dev ice  
w h i c h  p r e s e n t l y  appears  f e a s i b l e  i s  a r e t e n t i o n  sc reen  device.  
Cur ren t  development work i n d i c a t e s ,  however, t h a t  t h i s  t ype  of dev ice  
would weigh a s  much or more than a b o i l e r  s h i e l d ,  
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